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Abstract
The research presented in this dissertation covers pseudo-stationary phase
development for separations in electrokinetic chromatography (EKC). Micelles and
cyclodextrins have traditionally served as the most popular pseudo-stationary phases
(PSPs) used in EKC. However, the development and implementation o f PSPs, which
have improved properties over traditional ones, are necessary to extend the utility o f
electrokinetic chromatography.

This dissertation covers research contributions,

chapter by chapter, to the area o f PSP development made by the author. In addition
to this, Chapter 1 covers a brief history of chromatography and the fundamentals of
capillary electrophoresis and EKC.
The first pseudo-stationary phase developed was a modified poly (amidoamine) starburst dendrimer, diaminobutane dendrimer (DABD). The utility o f DABD
is demonstrated with the separation o f a mixture o f naphthalene derivatives and five
neutral aromatic molecules in Part I o f Chapter 2. Part II o f Chapter 2 ventures into
the development and implementation o f chiral terminated poly-amide dendrimers for
chiral separations.
Anionic cyclodextrins are generally considered as traditional pseudostationary phases in EKC; however, cationic cyclodextrins are extremely rare. In
Chapter 3, a novel hepta-substituted (3-cyclodextrin is introduced as a chiral selector
for enantiomeric separation o f non-steroidal anti-inflammatory drugs (NSAIDs) and
phenoxypropionic acid herbicides (PPAHs). Separation parameters such as pH and
concentration were found to have major influences on enantiomeric resolution of the
NSAIDs and PPAHs. Results indicate that heptakis(6 -methoxyethylamine-6 -deoxy)~

xiv
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(3-cycIodextrin performs exceptionally well for the enantiomeric resolution of
NSAIDs and PPAHs.
Chapter 4 o f this dissertation focuses on a very different pseudo-stationary
phase, a chiral polymeric surfactant (micelle polymer). Chiral recognition of two
binaphthyl derivatives and three benzodiazepines was studied by use o f polymeric
surfactants in EKC.

Four specific dipeptide terminated (multi-chiral) micelle

polymers were synthesized for this study. In addition to the chiral separation study,
the physicochemical properties (critical micelle concentration and specific rotation)
o f each polymer were investigated. The molecular weights o f the various dipeptide
terminated

micelle

polymers

were

also

determined

using

analytical

ultracentrifugation. These dipeptide terminated micelle polymers were designed to
study the effect of the extra heteroatom at the polar head group of the micelle
polymer for the enantiomeric separation of the binaphthyl derivatives and
benzodiazepines.

xv
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Chapter I.
Introduction: A Brief Historical Perspective o f Chromatography
A Russian Botanist named Mikhail Tswett [1-2] introduced chromatography
around the turn o f the twentieth century. The word “chromatography” is derived from
the Greek words chromatus and graphein, meaning “color” and “to write”,
respectively.

In groundbreaking experiments, Tswett used a column o f powdered

calcium carbonate to separate green leaf pigments into a series o f colored bands. The
separation process was facilitated by the percolation o f solvent through the column
bed. Unfortunately, Tswett’s work was not accepted by other scientists o f his time,
probably because his technique was far ahead o f the philosophy o f organic chemists
during that time.
The importance o f Tswett’s work was fully demonstrated in 1931 by Kuhn,
Winterstein, and Lederer [3], Using Tswett’s concept o f chromatography, Kuhn, and
co-workers separated carotenes and xanthophylls on a preparative scale using alumina
and calcium as the column bed, thus fully demonstrating the utility of chromatography
[4],

The combination o f Kuhn, Winterstein, and Lederer’s work, along with

Reichstein’s [S] contribution, developed into what is currently known as liquid
chromatography. The next major breakthrough in chromatography came from Arne
Tiselius. Tiselius developed a U-tube device in which free solution electrophoresis
was perfected using the moving boundary method [5].

For this accomplishment,

Tiselius was crowned the Father o f Electrophoresis. Furthermore, Tswett’s work had
gained widespread acceptance and chromatography had rapidly blossomed throughout
the scientific community.
1
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In less than twenty years, the majority o f chromatographic techniques were
developed.

Martin and Synge [6 ] developed partition chromatography in 1932.

Condsen, Gorden, and Martin [7] developed paper chromatography in 1944. James
and Martin [8 ] laid the theoretical foundations on which Hesse et al. [9] published the
first work on gas-solid gas-liquid partition chromatography in the 1940’s and 1950’s.
By the late 1940’s, chromatography had spread to all branches o f chemistry. For
example, inorganic chemists like Cohn [10], Boyd [1 1-13], Spedding [14-16], and
Tompkins [17-19] developed ion-exchange chromatography based on their need to
purify inorganic compounds. Lastly, Wilson [20], DeVault [21], Martin and Synge
[6 ], Glueckauf [22], and Wiess [23-24] developed a theory for chromatography during
this period.
Around the 1970’s, chromatography experienced a revolution when Virtanen
revisited Tiselius’ idea o f solution electrophoresis in an open tube. Before the 1970’s,
technology was not advanced enough to produce millimeter (<

1

mm) and micrometer

(< 200 pm) diameter glass capillaries. Virtanen reported potentiometric detection of
electrophoretically separated solutes in 200 - 500 pm i.d. glass tubes [25], The use of
relatively small-diameter capillaries reduced band broadening due to convection and
eliminated problems associated with electrophoresis in a medium.

This time,

scientists did not overlook the importance of chromatography. Separation scientists
such as Mikkers [26], Hjerten [27-28], Everaets and Hoving-Keulemans [29], and
Catimpoolas

[30] rapidly made substantial improvements to

electrophoresis.

Ultimately, Jorgenson and Lukacs began the epoch o f capillary electrophoresis (CE)
by advancing to smaller capillaries.

Jorgenson and Lukacs realized that by using
2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

smaller capillaries, even lower plate heights could be obtained because they would
minimize zone spreading due to convective diffusion. Using 75 pm i.d. capillaries
made o f Pyrex glass, Jorgenson and Lukacs [31-32] obtained separations o f proteins
with plate heights less than

1

mm and separation o f dansylated amino acids with plate

heights o f only a few micrometers. Since smaller-diameter capillaries could dissipate
heat more efficiently, high voltages (30 kV) could be used.

The technological

advantage o f smaller-diameter capillaries led to shorter separation times and higher
efficiencies in CE. Since Jorgenson and Lukacs 1 first CE experiment, a vast amount
of data on

instrumental

development, method

development and theoretical

understanding o f different CE modes has been published. There is no doubt that CE
has now advanced enough to be considered a mainstream analytical separation
technique.
1.1 Capillary Electrophoresis
Electrophoresis is defined as the movement o f electrically charged particles or
molecules in a conductive liquid medium, usually aqueous, under the influence of an
electrical field [33],

Media that have been used in electrophoresis include paper,

cellulose acetate membranes, polyacrylamide gels and free aqueous solutions. Free
aqueous solution electrophoresis within a small-diameter capillary (25-100 pm i.d.) is
often referred to as CE.
1.2

Capillary Electrophoresis Instrumentation

Figure 1.1 is a diagram o f a simple CE apparatus. A CE instrument consists of
polyimide coated fused silica capillary (typically 25 -100 pm in diameter and 20 to

3
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100 cm in length). The ends of the capillary are submerged into two reservoirs
containing identical aqueous buffer compositions to facilitate electrophoresis.

capillary

lamp

sample vial

electrolyte solution

computer

Figure 1.1

printer

Schematic o f capillary electrophoresis instrumentation.

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Within the reservoirs are electrodes (anode/cathode) which are connected to a
high voltage power source. Most commercial CE instruments have a carousel with
different vial positions for buffer, flush and sample injection; therefore, sample
introduction and buffer replenishment can be automated.

Generally, before

performing a CE experiment, a detection window is created by burning o ff a <

0 .8

cm

segment o f the polyimide coated capillary that serves as the flow through detector cell
[33], After appropriate capillary equilibration, a relatively small slug o f a sample (a
few nL) is introduced into one end o f a capillary. Samples are introduced either by
hydrodynamic (vacuum, pressure, or gravity) or electrokinetic (voltage) methods.
Pressure injection is the most commonly use injection method in which simply a
pressure (typically 10 - 50 mbar) is applied for a controlled period o f time (typically 3
- 5 sec) and this product o f pressure and time (mbar*sec) can be used to calculate the
injection size.

Injection volume as such is normally not calculated unless mass

detection limits are needed. Finally, a voltage o f up to 30,000 V (either + or -) is
applied and the separation begins. For a normal (positive polarity) CE configuration,
injection is at the positive electrode (anode), and detection takes place at the negative
electrode (cathode). In contrast, the opposite is true for a reversed or negative polarity
CE configuration.

The signal is recorded either by a chart recorder or a data

acquisition system and the final electropherogram looks similar to a chromatogram
obtained

for

High

Performance

Liquid

Chromatography

(HPLC)

Chromatograpy (GC).

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

or

Gas

1.3 Concepts o f Electrical Electroosmotic Flow, Double Layer, and Zeta Potential
One o f the main goals in CE is the separation o f compounds. The driving
force for separation in CE is the electroosmotic flow (EOF). At temperatures used for
the manufacture o f fused-silica capillaries (i.e. 1100°C and higher), its silanol groups
condense according to the following scheme

Si
Si

/ ° \

Si

.

H,0
2

•

(ID

Si

Relatively strained siloxane bonds are formed as a result o f this process. When the
silica comes in contact with an aqueous solution, the siloxane bonds hydrolyze again
into silanol groups, which can then ionize at an appropriate pH. Depending on the pH
o f the surrounding electrolyte, these groups may be positively charged as S1OH2
according to the reaction [34]
SiOH + HX -► SiOH2" + X \

( 1.2 )

At pH < 2 the silica surface is positive but close to the potential o f zero charge
because the dissociation o f the silanol groups is suppressed and the charge is zero. At
pH > 2 the surface silanol groups are deprotonated
SiOH + H20 -► SiO* + H30 \

(1.3)

Figure 1.2 illustrates the phenomenon o f the EOF development in a fused silica
capillary.
When a fused silica capillary is conditioned with 1 N NaOH, its inner surface
tends to become negatively charged (Figure 1.2A and equation 1.3). It is presumed
that the charging o f the capillary surface is due to ionization o f the silanol groups to
6
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the anionic form (SiO') or adsorption o f ions from the buffer onto the capillary
surface.

The pKa o f silanol groups on the capillary surface is about 7.7 [34].

Therefore, the silanol (Si-OH) groups are ionized to negatively charged silanoate (SiO') groups at pH above three. When filled with buffer solution the negatively charged
silanoate groups on the capillary surface attract positively charged cations from the

Electric double layer

Jl

Capillary Surface

Capillary Outer Helmholtz
surface
layer
Inner
Helmholtz
layer

A
Figure 1.2

IL

B
Development of the electroosmotic flow.
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buffer.

This layer o f specifically adsorbed ions is commonly referred to as the

compact, Helmholtz, or Stem Layer.

The locus o f the electrical centers o f the

specifically adsorbed ions is called the inner Helmholtz planes (1HP) o r fixed layer.
The IHP cations are not o f sufficient density to neutralize all the negative charges, so a
second outer layer o f negatively charged cations forms. The outer layer o f cations is
non specifically adsorbed. The cations interaction involves long-range electrostatic
forces with the silanoate groups. This outer layer is commonly referred to as the outer
Helmholtz plane (Debye - Huckei or Gouy-Chapman layer) (OHP) due to the
possibility o f diffusion o f ions by thermal motion. These two layers (IHP and OHP)
make up the electric double layer. The electric double layer is typically

100

A thick

[35]. Upon applying an electric field in normal polarity CE, the OHP is pulled toward
the negatively charged cathode (Figure 1.2B). The solvated cations collectively drag
the bulk buffer solution with them, thus creating the EOF.
Between the compact and diffuse layer is a plane o f shear.

An electrical

imbalance between the OHP and the IHP is created at that plane. This potential is
called the zeta potential (£) across the layers (Figure 1.3). The electrical potential
drops linearly with increasing distance from the surface in the rigid layer and
exponentially to zero in the diffuse layer. Thus, the EOF is proportional to the zeta
potential, which is proportional to the thickness o f the double layer [36]. The zeta
potential is defined as
^

4 - 7t - 8

e

( l 4)

s
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Interface

<s

Compact J
layer
j

Diffuse
layer

Distance from the column wall
Figure 1.3

Zeta potential of the system as a function o f the distance
away from the wall.

where 8 - thickness o f the diffuse double layer, e —charge per unit surface area, and

e -dielectric constant o f the buffer.
The velocity o f the electroosmotic flow, \ eof, is given by

where E = applied electric field in volts/cm and

17 =

viscosity o f the buffer.

The electroosmotic mobility, /Jeof, of the buffer is given by

( 1.6)
The strength o f CE can partially be attributed to the unique EOF profile. It is
generally believed that the flow profile o f the EOF is relatively flat, compared to a
9
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laminar flow profile found in high-performance liquid chromatography (HPLC)
(Figure 1.4).

The major advantage o f the flat profile is the high efficiency o f CE

separations. Unlike many chromatography techniques, the EOF in CE provides a flow
profile, which allow all the solute molecules to experience the same velocity
component, regardless o f their cross-sectional position in the capillary. As a result,
the molecules elute as narrow bands giving narrow peaks o f high efficiency.

HPLC

J\

time (minutes)

CE

z
time (minutes)
Figure 1.4

Flow profiles and corresponding peak forms.
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Upon application o f a constant electrical field (£), ionic species experience an
electrostatic force (Fe)

(1.7)
where V = the voltage applied across the capillary and L = the length of the capillary .
In addition,

F .= q E

(

l

' 8 )

where q = charge o f the particular ion.
This force causes the acceleration o f ions toward the oppositely charged
electrode. As the velocity o f the ions increase, the counteracting frictional force (F/)
caused by the surrounding solution slows down the species.

Assuming a spherical

molecule, the fricitional force can be expressed in terms o f Stokes’ Law as

Ff

= 6 tit| a v ,

(1.9)

where ri = solution viscosity and a = radius o f spherical molecule.
Upon reaching steady state conditions, the ions move with a constant velocity
(v), proportional to the applied electric field, i.e.

( 1. 10)

V =

where (J. = electrophoretic mobility.
A balance of the two forces is attained during electrophoresis. Under these conditions,
the forces are equal but opposite in sign and can be expressed as

qE =

67 rr|

av.

II
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(I. II)

Combining equations 1.9, 1 . 10 , and 1. 11 , m. can be expressed as
( 1.12)
=

- 3 —

6 XT) a

E

Thus, the viscous drag o f the solvent and the charge and size o f the solute
controls the migration o f a species in an applied electric field.

Equation (1.12)

expresses the critical role o f charge and size o f the solute over the migration of a
species in an applied electric field. For a given charge q, the larger the size o f the ion,
the slower the migration.
From Equation (1.11), it can be determined that for a given applied electric
field, the greater the charge-to-size ratio, the higher the velocity.

From Equation

( 1 . 12 ), it can also be determined that the greater the charge-to-size ratio (q/r), the
higher the electrophoretic mobility. Consequently, small, highly charged molecules
move through the capillary faster than large molecules with a similar charge. Neutral
molecules have an electrophoretic mobility o f zero (q = 0 ).
The velocity o f a solute is influenced both by its electroosmotic mobility and
the EOF flow. The observed electrophoretic velocity, v0bs, is given by:

V OBS

where

v EOf

=

V EP

~ ^ V E O F i

( 1- 13)

= the velocity o f the electroosmotic flow (cm/s), vs> = electrophoretic

velocity, and vobs = observed electrophoretic velocity. Hence, The observed
electrophoretic mobility, \lobs, o f a solute is due to both its electrophoretic mobility
plus the electroosmotic flow, i.e.
12
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M
’OSS - M'EP ^ M
-EOF -

’

The observed electrophoretic velocity (v 0 b s ) can be calculated from the
migration time o f the solute (fm) by Equation (1.15)
vv OBS = */ /' /* m ’

(ll5)

where / = effective capillary length (from inlet to detector).
Therefore, the electroosmotic velocity ( v e o f ) can be determined by measuring
the migration time o f a neutral marker (i.e., dimethyl sulfoxide, formamide), tnm, and
solving for the given equation
vv EOF = 1l/t
' nm *

<1 16>

Rearranging Equation (1.13), and substituting Equations (1.16) and (1.15), the
electrophoretic velocity ( v e p ) is then given by

(1.17)
Thus, the electrophoretic mobility of a solute can then be determined by rearranging
Equation (1.10) and substituting Equation (1.17) and (1.7), i.e.

(1.18)

1.4 Electroklnetic Chromatography (EKC)
Capillary Zone Electrophoresis (CZE) is not a suitable technique for the
resolution o f neutral analytes. The reason for this is that electrophoretic separation is
13
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based on the charge-to-mass ratios o f analytes under the influence o f an applied
electric field. Since neutral analytes do not have a charge, they do not have selfelectrophoretic mobility and migrate in the background electrolyte under the influence
o f the EOF. Thus, neutral analytes co-elute as one unresolved peak.
In order for separation o f neutral molecules in CZE to occur, separation
scientists borrowed principles o f traditional chromatography and applied them to CZE.
In traditional chromatography, the key to separation o f neutral analytes relies on the
differential partitioning o f the sample components between two phases, one of which
is immobilized (stationary phase) and the other is the moving mobile phase. Using the
idea of “differential partitioning” lead to the development o f a unique transient phase
or pseudo-stationary phase (PSP). A cationic PSP would temporarily be attracted to
the negative charge on the walls o f the capillary, or remain in the buffer solution if it is
anionic. Furthermore, by using a PSP in a CZE buffer, the advantages o f the EOF and
differential partitioning (electrokinetic effect), provides the basis for the separation of
neutral and charged molecules. This mode of CE operation was named electrokinetic
chromatography (EKC). Terabe et al., were the first to introduce a negatively charged
surfactant, sodium dodecyl sulfate (SDS), as a PSP in a CZE run buffer [37].

Later,

this mode o f CE operation was termed micellar electrokinetic chromatography
(MEKC), due to the spontaneous nature o f the surfactants to form micelles above a
critical micelle concentration (CMC).
In MEKC, a surfactant is introduced into a CZE running buffer at a
concentration above the CMC. The surface of the micelle is usually charged. This
gives the micelle an electrophoretic mobility in CZE, at a velocity different from the
14
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surrounding aqueous phase. A solute can interact with the micellar surface through
polar-polar interactions as well as hydrophobic interactions within the core o f the
micelle [38,39,40],

However, in case o f chiral separations, the hydrophilic polar

group of the chiral surfactant is responsible for molecular discrimination.
Consequently, separation and retention time is based on differential partitioning
(interaction) as well as chiral recognition in the micellar phase.
The micellar run buffer serves as a PSP for chromatographic separation.
Presuming that there are no capillary wall interactions, negatively charged micelles
migrate electrophoretically toward the anode and positively charged micelles, migrate
electrophoretically toward the cathode.

Thus, the electrophoretic migration of a

negatively charged micelle is normally opposed by the EOF. The net migration of
negatively charged micelles will typically be toward the cathode since the
electroosmotic velocity is typically higher than the electrophoretic velocity. In the
case o f positively charged micelles, a reversal o f the direction o f EOF toward the
anode (e.g., injection end in normal polarity CE) is often caused due to the interaction
o f the positively charged micelle with the capillary surface.
MEKC is considered similar to micellar liquid chromatography (MLC). This
is because equations used in MLC [e.g., tR = (\+k')to\ can be used as models in MEKC
with few modifications.

Neutral solutes will have a retention time between the

retention time o f a solute that moves with the electroosmotic velocity (elute at a time
o f t0) and the retention time o f a very hydrophobic solute (elute at a time of t^ ) [41].
To solve for the migration time of the neutral solute, x, we must determine the
capacity factor, k \ which is defined by
15
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where

and x\aq are the total number o f solute molecules incorporated into the

micelle and the total number o f molecules dissolved in the surrounding phase,
respectively. The total molecules o f solute in the micelle and in the aqueous phase can
be calculated (1.19) from retention times by use o f the following equation

k '=

to

(.

(to V f

(1-20)

1+1

V

V t/H C J J

where Ir is the retention time o f the solute and tmc is the migration time of the micelle.
The migration times, to and tmc, can be measured by using methanol or form amide as
an aqueous-phase tracer and Sudan HI or IV as micelle tracers, respectively. Equation
( 1 .2 0 ) can be written in term o f fcas

1+K '

tR =
i+

‘o-

(i. 2i)

fM ,

The width o f the total range o f elution for electrically neutral solutes can be
regarded as the value o f tmc/to- When tmc becomes infinite (as with micelle polymers),
the term (t(/t„c)k ’ in Equation (1.21) is negligible and reduces to the well-known
relationship for retention time

( 122>

The capacity factor, k \ can also be related to the distribution coefficient, K, o f a
16
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solute between the micellar and aqueous phases through

(1.23)

where Vmc and Vaq are the respective volumes of micellar and aqueous phases.
In a micellar system the phase ratio (VmJVa^ can be determined by use o f the
following Equation (1.24)

v ( Q -C M C )
(1.24)

where v = partial specific volume and c,f= concentration o f the surfactant.
When micellar concentrations are low, the denominator on the right side o f Equation
(1.24) may be approximated as unity. In addition, in the case o f a micelle polymer,
which does not possess free monomer units, the critical micelle concentration is zero.
Equation (1.24) can then be simplified as
(1.25)

Similarly to MLC, the number o f theoretical plates (N) characterizes the peak
efficiency in CE. Thus, the theoretical plate number can be calculated directly from
the electropherogram by

r

N = 5.54

t
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(1.26)

where t = migration time and "Win—width at half height (seconds).
This equation is correct only for Gaussian peaks and lacks accuracy for asymmetric
peaks.
I.S Chiral Electrokinetic Chromatography
Another strength o f EKC is its union to chiral separations. The word “chiral”
comes from the Greek - cheiro, meaning “hand”. A chiral molecule is one that is not
superposable on its mirror reflection. The image o f non-superposablility o f a right
hand and the left hand is often used to describe the physical differences o f the various
stereoisomers of also known as enantiomers. When enantiomers are mixed in equal
proportions, the mixture is known as a racemic mixture. In an achiral environment,
enantiomers have similar properties (physical and chemical) and can only be
distinguished by the rotation o f plane-polarized light. However, in a chiral
environment, such the human body, enantiomers often exhibit very different physical
and chemical properties.
The origin o f chirality stems from the discovery o f plane-polarized light by the
French physicist Maius [42]. Using Malus’ discovery and observations o f Arago [43],
Biot [44] discovered the phenomenon of optical rotation. Biot made the connection
between optical rotation and organic substances.

However, Pasteur extended this

correlation from organic substances (crystals) to molecules [45]. Pasteur separated the
enantiomers of tartaric acid and asparagine using tweezers, thus introducing the first
chiral separations.
One of the best known and well-publicized examples o f different biological
activities among enantiomers is the case o f the drug thalidomide (Figure 1.5).
18
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Figure 1.5

o
o
Chemical structure of thalidomide.

Thalidomide was a drug prescribed as a racemate to women in the early stages o f
pregnancy to alleviate the effects o f morning sickness. Within months o f its use,
terrible side effects such as peripheral neuritis and a birth defect known as phocomelia
[46] were noticed. As a result, the Food and Drug Administration (FDA) in the U.S.
has issued guidelines [47] concerning the stereochemistry o f drug molecules.

For

optically active molecules, the FDA requires identification o f the stereochemistry o f
the chiral centers and the enantiomeric ratio of mixtures other than 50:50 racemates.
The importance o f optical purity with regard to biological activity has gained
appreciation and industrial efforts are focused toward developing stereoselective
synthesis o f pure enantiomers.

Unfortunately, this approach is costly and very

difficult and necessitates the development and use o f effective methods for chiral
analysis.
The three-point interaction model (Figure 1.6 ) is generally the most accepted
model that explains the chiral separation mechanism. Dalgleish [48] first proposed
this model in 1952 and was recently reiterated by Pirkle and Pochapsky

[49].

According to the three-point interaction model, three points o f interaction are required
19
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B .......................B

chiral
additive
Figure 1.6

enantiomer

Three-point interaction model.

between a chiral additive and the optically active analyte. These interactions typically
consist o f hydrogen bonding, steric repulsion, 7t-7t bonding, and dipoie-dipole
bonding.

As shown in Figure

1.6-1,

three points of interaction occur between the

chiral additive and the racemic analyte (A1 with A l’, B1 with B l \ and Cl with C l ’).
The interaction o f chiral additive 1-1 with enantiomer 1-1’, leads to the formation o f a
transient diastereoisomeric complex and thus enantiomer recognition. It should be
noted that the chiral additive (H-l) will not interact with enantiomer
image) at the A l ’ and D l’ position.

11- 1 ’

(mirror

Hence, the diastereoisomeric bond formed

between case I (enantiomer 1-1 with the chiral additive 1-1’) will have different
physicochemical interactions compared to case n.
20
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In the case o f enantiomers, the selectivity, a , for two solutes x and y can be
written as

where k ’x and k 'y (k ’y /k ’x > 1 ) are the capacity factors for solute x and solute y,
respectively.
The resolution, Rxy, equation o f chiral MEKC is then written as

1-

(1.28)
4

a

l+K\

1+

where N is the theoretical plate number and a is the selectivity factor (separation
factor) defined above in Equation (1.27). In the case o f micelle polymers, tmc is
assumed to be infinite. Thus, Equation (1.28) reduces to the resolution equation used
in conventional chromatography

Rs

= —7~*
4
a xy

1+ K \

(1.29)

The maximum available peak resolution should be achieved in the shortest time.
Peak resolution depends on the a and N values. Both o f these variables are dependent
on a number o f parameters, ionic strength and pH o f the buffer, strength o f applied
electric field, and temperature. Therefore, all o f these parameters should be optimized
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simultaneously in order to obtain the highest possible peak resolution in chiral
separations.
1.6 Band Broadening in Electrokinetic Chromatography
The causes o f band broadening in MEKC have been defined by Terabe et al.
[SO]. The overall column plate height, Hcoi, in MEKC can be expressed as

ticoi = H l

+Hr +Hep,

(1.30)

where Hcot is overall column plate height, and H l , Hme, Haq, Ht, and Hep are plate
heights generated by longitudinal diffusion, sorption-desorption kinetics, intermicellar
mass transfer in the aqueous phase, radial temperature gradient effect on
electrophoretic velocity and electrophoretic dispersion, respectively. The individual
contributions to plate height are summarized in Table 1.1
Band broadening in MEKC is mainly due to intrinsic on-capillary effects,
longitudinal diffusion (Hl), and resistance to mass transfer (Hmc and Haq). Terabe [50]
determined that longitudinal diffusion is more effective for solutes with smaller
capacity factors. This is because the diffusion coefficient o f the solute is usually much
larger than that o f the micelle.
The third source o f band broadening, resistance to mass transfer depends on
several parameters. The first one is adsorption-desorption kinetics (Haq). When a
molecule is adsorbed into/onto the stationary phase, it has a slower velocity compared
to the zone velocity. Since, the adsorption-desorption process occurs randomly, the
motion o f the molecule is quite erratic and results in zone broadening.

Diffusion

(transport) in the run buffer is another form o f mass transfer. As a result, the flow
22
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paths in the column are not all identical, and transport of the solute between different
flow paths can be a source o f zone broadening.
Terabe [50] concluded that radial temperature gradient effects {Hi) on
electrophoretic velocity and electrophoretic dispersion (Hep) were not significant.
However, Sepaniak and Cole [51] reported results that differed from those o f Terabe
[50]. They found that resistance to mass transfer and thermal gradients (Hmc, Haq a n d ,

Ht) w ere most important. Davis [52] described yet another mode o f band broadening
that is related to the change in the solutes partition coefficients as a result o f Joule
heating.

The bulk o f these results suggest that there is some variance in band

broadening.
1.7 Scope o f this dissertation
In this dissertation, the development and implementation o f novel pseudostationary phases (PSPs) for separations in electrokinetic chromatography (EKC) are
evaluated. The primary aim o f this research was to introduce several novel alternative
PSPs that offer improved selectivity over traditional PSPs.
C h a p te r 2 is divided into two parts. Part I details the introduction o f the
synthesis o f a novel dendrimer, and its implementation as a PSP for EKC o f a mixture
o f five neutral aromatic compounds. Details o f the selectivity of dendrimer compared
to that o f a SDS system is discussed. The influences of dendrimer concentration, pH,
and organic modifier on the EKC separation o f the neutral compounds were evaluated.
This chapter also illustrates several applications for the EKC separation o f other
neutral molecules using this novel dendrimer. Part II introduces the development o f
modified poly-amide dendrimers for chiral separations.
23
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Table 1.1

Equation for band broadening in MEKC [50]*

Longitudinal Diffusion (H£)
hl

=

2(Z>„+*£>_) 1
,+ (

/

v"

0

Sorption-Desorption Kinetics (Hmc)

„

v-.
Xir ¥

Intermicelle Diffusion (Haq)

’ ( '- '/ J

rfV.

{ /O
Temperature Gradient Effect (//,)
[ '- / _ >
B 2/ 4
' ' 24(£>„ +KZ>,J64AT^7C V jV 7 ? V<

Electrophoretic Dispersion (Htp)

H

Kfg ^ cJ>
" =

(>CM

* Terms defined on page 139.
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The poly-amide dendrimers were modified by the addition o f chiral moieties on their
surfaces.

The synthesis o f these chiral dendrimers is discussed and separations of

chiral analytes are presented.
The use o f a cationic P-cyclodextrin derivative for chiral separations is
introduced in Chapter 3.

A novel hepta-subtituted P-cyclodextrin was synthesized

and used for enantiomeric separations o f non-steroidal anti-inflammatory drugs
(NSAlDs) and phenoxypropionic acid herbicides (PPAHs). The effects o f separation
parameters such as pH and concentration as well as very high enantiomeric resolution
of several NSAIDs are addressed.
The implementation o f novel dipeptide terminated chiral micelle polymers for
chiral separations are discussed in Chapter 4. Four specific dipeptide terminated
(multi-chiral) micelle polymers were synthesized for this study. These include poly
(sodium-iV-undecanoyl-L-alanyl-leucinate)
undecanoyl-L-valyl-Ieucinate)
serinyl-leucinate)
leucinate)

[poly

[poly

L-SUVL],

L-SUAL],
poly

poly

(sodium-A-

(sodium-A'-undecanoyl-L-

[poly L-SUSL], and poly (sodium-iV-undecanoyl-L-threonyi-

[poly L-SUTL].

These dipeptide terminated micelle polymers were

designed to study the effect o f the extra heteroatom at the polar head group o f the
micelle polymer, (i.e., poly L-SUSL was compared to poly L-SUAL and poly L-SUTL
was compared to poly L-SUVL). The enantiomeric separations o f the binaphthyl
derivatives and benzodiazepines were studied using the aforementioned micelle
polymers. In addition to the chiral separation study, the physicochemical properties
(critical micelle concentration, molecular weight, and specific rotation) o f each
polymer were estimated using variety o f analytical tools.
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C h a p te r 5 summarizes the work contained in this document and proposes
future areas to be explored in pseudo-stationary phase development.
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Chapter 2.
Dendrimers as Pseudo-Stationary Phases for Seperations in EKC
Part I:

Use of a new diaminobutane dendrimer in EKC

Dendrimers (aka arborols, cascade, cauliflower, and starburst polymers) are
well-defined, highly branched macromolecules that emanate from a central core [ 1].
These macromolecules are distinguished from normal polymers in two ways. First,
they are constructed from AB„ monomers (n ranging from 2 to 3) which produce
hyperbranched structures rather than standard AB monomers that produce linear
polymers.

Second, dendrimers are synthesized in an iterative fashion. Thus, the

number o f monomer units incorporated in each successive repetition cycle doubles

(AB2) or triples (ABj) that o f the previous cycle. Each repetition leads to the addition
o f one more layer o f branches, or a generation to the dendrimer topology.

The

combination o f these two features leads to a non-linear, stepwise synthetic growth o f a
macromolecule. The modem era o f dendrimer chemistry came to fruition in 1978 by
Fritz Vogtle with the publication o f a communication entitled “Cascade and NonskidChain-like Syntheses o f Molecular Cavity Topologies” [2]. Since then, many different
structural classes o f dendritic macromolecules have been reported (Figures 2.1 and
2 . 2 ).

The hallmark o f dendrimer synthesis is the ability to synthesize in a controlled
manner, very high molecular weight polymers with narrow molecular weight
distributions and with a great deal o f structural integrity [3]. Over the past decade,
two main synthetic strategies for synthesizing dendrimers have emerged: the divergent
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and convergent approach. In the divergent strategy, dendrimers are constructed from a
central core out to the periphery (Figure 2.3).
In each repeat cycle, n, the number o f reactive groups on the dendrimer
periphery react with n monomer units to add a new generation to the dendrimer. In the
next repeat cycle, 2n or 3/i reactive sites will be available depending on the branch
multiplicity o f the monomer units. Thus, the number o f coupling reactions increases
with each

successive generation.

The

divergent strategy

was

pioneered

simultaneously by Newkome [4] and Tomalia [S] in 1985. Other examples o f

Figure 2.1

Example of a polyester aryl dendrimer [8].
30
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Figure 2.2

Example o f a poly(propylene-imine) dendrimer [7].
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Figure 2.3

Divergent synthetic approach.

divergent dendrimer synthesis come from the work o f Denkewalter [6], Vogtle [2],
Meijer [7], and Mulhaupt [9].
The convergent approach to dendrimer synthesis constructs the dendrimer from
the periphery toward the central core (Figure 2.4).

Thus, the initial reaction site

ultimately resides on the periphery o f dendrimer, while the reactions take place at the
central core.
32
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Figure 2.4

Convergent synthetic approach —classical approach.

One major difference between the convergent approach and divergent
approach is that the number o f coupling reactions needed to add each new generation
is constant throughout the synthesis.

Furthermore, dendrimers prepared by the

convergent strategy are generally considered to be more homogeneous than those
prepared by divergent approach [3], This is because defects begin to accumulate at
higher generations when a large number o f coupling or condensation reactions have to
occur on a congested dendrimer surface. On the other hand, the convergent strategy is
often limited to dendrimers o f lower generations. The core o f dendrimers synthesized
by the convergent strategy, can become congested and thus the reaction yield drop
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from generation to generation. Examples o f classical convergent dendrimer synthesis
come from the work o f Frechet [10-11], Miller [12], and Moore [13].
Since the introduction o f the dendrimer, applications such as drug delivery [1415], size calibration [16-18], antioxidants [19-20], catalysis [21-23], inks and toners
[24], and gene therapy [25-26] have been reported. In addition, the hydrophobic
character o f the interior o f a dendrimer can be altered by use o f relatively hydrophobic
linkers to more closely mimic an aqueous micelle. This concept was demonstrated by
Tomalia et a l [27-28] and Newkome et al. [29] who both synthesized saturated
hydrocarbon dendrimers with micellar-like topology.

The fundamental difference

between a dendrimer and a micelle is that the structure o f a dendrimer is static, with
covalently bonded end groups attached to a central core, whereas the structure o f a
normal micelle is dynamic. Aggregation numbers for various micelles range from 62
to 100, depending on the surfactant. Since total branch multiplicity on the surface o f a
dendrimer is analogous to aggregation number in micelles, dendrimers similar to
micelles can be synthesized.
Due to the micellar topology, the use o f dendrimers as pseudo-stationary
phases in electrokinetic chromatography was an interesting research idea. Dendrimers
have been employed as micellar substitutes in MEKC as early as 1992 [30], The mode
o f separation using dendrimers in CE has been termed dendrimer electrokinetic
capillary chromatography (DECC) [30], Terabe et al. introduced “starburst” (SBDs)
as substitutes for micelles in EKC to separate uncharged aromatic compounds [31].
Poly (propylene-imine) dendrimer have been employed in DECC to separate
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substituted benzyl alcohols [32]. Since 1992, a small number o f publications have
appeared in the literature [33-35].
The aim o f Part I o f Chapter 2, is to discuss the author’s contribution to PSP
development using a novel dendrimer.
poly(amidoamine)

Using the divergent approach, a modified

dendrimer (16-cascade:(l,4-diaminobutane)[4-l,4]:(l,6-diaza-7-

oxononylidene)2:propanic acid methyl ester) was synthesized, herein noted as
diaminobutane dendrimer (DABD). The chemical structure o f DABD is shown in
Figure 2.5.

OyMH
11 MA /

I

S

r 1

Figure 2.5

Chemical structure o f DABD.
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2.1 Experimental
2.1.1 Instrumentation
Separations were performed using a BioFocus 3000 CE (Bio-Rad, Hercules, CA,
USA) equipped with a UV lamp detector operated at 254 nm. The run voltage ranged
from -1 0 to -3 0 kV. All separations were performed at ambient temperature (~25°C).

NOz

naphthalene

nitrobenzene

(NAP)

(NTB)

acenaphthene
(ACE)

Figure 2.6

fluorene
(FLU)

phenanthrene
(PHEN)

Chemical structure o f five analytes studied.
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2.1.2 Materials
Analytical grade sodium acetate, acetic acid, sodium hydroxide, nitrobenzene
(NB), napthalene (NA), phenanthrene (PTN), fluorene (FLU), acenaphthene (ANA),
2-naphthalene methanol (NAM), naphthol (NAL), phenol (PNL), benzylamine (BA),
naphthylamine (NAA), nitronaphthalene (NNA), and benzyl alcohol (BAL) were
purchased from AJdrich (Milwaukee, WI, USA). Binaphthol (BNL) was purchased
from Fisher (Fair Lawn, NJ, USA). The 6-Bromo-2-naphthol (BNAL) was purchased
from Mallinckrodt (Paris, Kentucky, USA). Methanol was o f spectroscopic grade and
was purchased from EM Science (Darmstadt, Germany). Deionized distilled water
(18.3 MQ/cm) was obtained from a PURELAB™ Polishing System (Lowell, MA,
USA). All reagents were used as received.
2.1.3 Synthesis of DABD
The

DABDs

were

synthesized

starting

from

1,4-diaminobutane and

methylacrylate, following the method reported by Tomalia et al. [19], An exhaustive
Michael addition to 1,4-diaminobutane with methyl acrylate at room temperature,
followed by addition o f a large excess o f diaminobutane at room temperature, was
performed to yield a first generation (G = 1) DABD. Repeating steps 1, 2, and 1,
DABD o f G = 2.5 was synthesized (Figure 2.5).
Half and whole generations were distinctively different, characterized by 'H
NMR and the half-number generations displayed the disappearance of the methoxy
singlet at 5 3.65 ppm. The lH NMR and l3C NMR measurements were performed by
use of an AC 250 Bruker NMR (Germany). lH NMR (250 MHz, (£-CH3OH): 6 =
1.46 ppm (m, 52 H; N C H z-C lfcC H K ^N ), 2.34 (t, 28 H; NCtf2CH2CH2C //2N),
37
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Synthetic scheme o f DABD

2.45 (t, 56 H; CH2N(C7/2CH2)2), 2.74 (t, 56 H; CH2N(CH2C/f2) 2), 3.17 (s, 24 H;
CH2CONHCIT2), 3.65 (s, 48 H; COCH 3). Fast atom bombardment mass spectrometry
(FAB-MS) measurements were performed on a Finnigan MAT (Germany), (M+H
3188.6).
2.1.4 Preparation of Electrolytes and Analytes
Aqueous buffer solutions were prepared by adding an appropriate volume of
1.0 mM sodium acetate/acetic acid buffer.

Separation buffers were prepared by

weighing the appropriate amount o f dendrimer into a volumetric flask, adding the
aqueous acetate buffer, adjusting the pH, and then sonicating the mixture to promote
complete dissolution of the dendrimer and simultaneously degassing the run buffer.
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Stock solutions o f each analyte were prepared at a concentration o f 1.5 mg/mL in
methanol. Mixtures o f analytes over the range o f 1-3 mM were prepared in methanol
from the respective stock solutions.
An uncoated capillary purchased from Polymicro Technologies (Phoenix, AZ,
USA), with an internal diameter o f 50 pirn and a total length o f 47 cm (39.4 cm to
detector window) was used. A new uncoated capillary was conditioned by flushing
successively with 1.0 M NaOH (60 minutes), 0.1 M NaOH (30 minutes), and
deionized distilled water (10 minutes) before use.

Between each injection, the

capillary was rinsed with 0.1 M NaOH (1 minute), deionized distilled water (1.5
minute), and with the respective buffer (2 minutes). All samples were filtered with
0.45 |im Nalgene Nylon filters (Rochester, NY, USA) and introduced into the
capillary with a 85 kPa*sec pressure injection.
2.2 Results and Discussion
2.2.1 Optimization Study o f DABD
The external groups on DABD consist o f methoxy groups and the interior
groups consist o f tertiary amines and amide bonds.

At pH’s below 9, DABD is

positively charged (based on the reversed polarity EKC configuration used for
separations). DABD was employed as a PSP for the separation o f polycyclic aromatic
hydrocarbons (PAHs) and neutral aromatic compounds (Figure 2.6).
The PAHs are a group o f compounds that are difficult to separate in traditional
MECC systems using sodium dodecyl sulfate (SDS), due to their strong interactions
with the SDS micelle. The cavities of DABD are more hydrophilic than that o f SDS
micelles due to the presence o f amide bonds and tertiary amines. Thus, the possibility
39
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o f mild interaction o f PAHs with this modified dendrimer serving as PSPs could
improve separation o f neutral molecules. To determine the utility o f DABD, a
systematic optimization o f the separation of five analytes [nitrobenzene (NB),
naphthalene (NA), acenaphthene (ANA), fluorene (FLU), and phenanthrene (PTN)]
was first studied. Separation factors such as pH, organic modifier, and concentration
o f DABD were optimized to achieve the separation o f a mixture o f the aforementioned
molecules.
2.2.1.1 Influence o f DABD concentration
Figure 2.8A illustrates the attempted separation o f the mixture o f the five
analytes, NB (1), NA (2), ANA (3), FLU (4), and PHEN (5) using SDS. Under the
given electrophoretic conditions, SDS alone showed no selectivity toward these
analytes. Figure 2.8B illustrates the separation of the same five analytes using SDS in
the presences o f 40% acetonitrile.

This degree o f separation was possible when

acetonitrile was added as a co-modifier. Acetonitrile reduces the strong interaction
between SDS and the neutral compounds, thus aiding in separation. These analytes
were separated with DABD without the need for any organic co-modifiers (Figure
2.9).
Figure 2.9 shows a plot o f retention time as a function of concentration of
DABD for the separation o f the five analytes. Using negative polarity, the observed
elution order was NB<NA<ANA<FLU<PTN, which is consistent with the trends in
which retention is directly proportional to the hydrophobicity o f the analytes. Lower
retention times o f the mixture o f the five analytes were observed at 2.2 and 4.4 mM.
However, ANA and FLU co-elute at this concentration.

An increase in DABD
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concentration up to 6.6 mM resulted in a linear increase in retention time o f the
analytes. The optimum concentration for baseline separation o f all five analytes was
found to be 6.6 mM. At concentrations

041110

04)170

04)010
-04)050

0.00

24.00

06.00

120.00

Tlmo (mln)

04)160

0.0020

40.79

24.16

Time (mln)

Figure 2.8

Electrokinetic chromatogram: Separation of a mixture o f five
neutral molecules using SDS. Conditions: (A) 30 mM SDS; 30 mM
NaHjP0 4 adjusted to pH 9 (B) 30 m M SDS 40% (v/v) acetonitrile; 30
mM NaH2P 0 4 adjusted to pH 9 before addition o f acetonitrile; applied
voltage 25 kV; current ~ 40 pA; pressure injection 85 kPa*sec; sample
concentration 0.1 mg/mL o f each analyte; wavelength o f detection 254
nm; Peaks: 1- NTB, 2-NAP, 3-ACE, 4-FLU, 5-PHEN
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.40
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Figure 2.9

Effect o f concentration o f DABD (G = 2.5) on the retention tim e o f
the m ixture o f five neutral molecules. Conditions: 50 mM acetate
buffer adjusted to pH 5.5; applied voltage *15 kV; current ~ .10 to - 55
liA; pressure injection 85 kPa*sec; sample concentration 0.1 mg/mL o f
each analyte, wavelength o f detection 254 nm.

above 6.6 mM, retention times increased significantly. For this series o f analytes,
concentrations higher than 6.6 mM are not advantageous for separations unless
enhanced selectivity and resolution are desired at the expense o f longer retention
times.
2.2.1.2 Influence o f buffer pH
The effect o f pH on elution time o f a mixture o f the five analytes was
examined with 50 mM acetate buffer containing 6.6 mM DABD, over the pH range o f
4.5 - 7 (Figure 2.10 A-D). Initially, at pH 4.5, retention times were longer and peaks
42
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were broad (Figure 2.10 A). Upon increased pH, retention times decreased and peak
shapes improved (Figure 2.10 B and C).

The improvement peak shapes can be

attributed to a close mobility match between background electrolyte and analyte at pH
5 .5 -6 .0 .
A buffer pH o f 5.5 can be adopted for standard application since it combines
the best resolution, efficiency, and short analysis time for the mixture (Figure 2.10 B).
Above pH 6.0, even shorter retention times can be achieved but peak fronting and
baseline drifts were evident (Figure 2.10 D).
2.2.1.3 Influence o f organic m odifier
The influence o f volume:voiume (v:v) ratio o f methanol added to DABD on
separation o f five neutral molecules is depicted in Figure 2.11 (A-C).

Normal

migration behavior similar to MEKC was observed. Initially, as the v:v ratio of
methanol:water increased to 1:10, migration times increased with a slight increase in
resolution o f ANA and FLU (Fig. 2.11 A, peaks 3 & 4). This occured at the expense
o f a decrease in selectivity for FLU and PHE (Fig. 2.11 A & B, peaks 4 & 5).
However, at 1:5 volume ratio, selectivity between DABD and the analytes is
dramatically reduced. These results contrast with the results reported by Terabe et aL,
where selectivity o f SBD for aromatic hydrocarbons was observed in the presence o f
high concentrations o f the methanol [26]. The cavities o f DABD become more polar
with the addition o f organic modifier, disabling partitioning o f neutral analytes
between the bulk medium and dendrimer, and thus a decrease in selectivity occur.
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Electrokinetic chromatogram showing the effect of pH on the
separation o f a mixture o f five neutral molecules by use o f DABD
(G = 2.5). Conditions: 6.6 mM DABD, 50 mM acetate buffer adjusted
to pH 5.5; applied voltage - 15 kV; current - -20 to -35 pA depending
on pH; pressure injection 85 kPa*sec; sample concentration 0.1 mg/mL
o f each analyte o f each analyte, wavelength o f detection 254 nm.
Peaks. 1- NTB, 2-NAP, 3-ACE, 4-FLU, 5-PHEN.
44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.0005
0.0000

(LOO

440

Time (m in)

24.00

Tfeiw (min)

1 -5

OjOOIT

•04010

14.71

H i m (mln)

Figure 2.11

EfTect o f organic modifier on the separation o f a mixture o f five
neutral m olecules. Conditions: (A) 10% (v/v) methanol, (B) 20 %
(v/v) methanol, (C) 50 % (v/v) methanol, 6.6 mM DABD, 50 mM
acetate buffer, pH adjusted to 5.5 before addition o f methanol; applied
voltage -IS kV; current ~ - 25 to - 40 |iA; pressure injection 85
kPa*sec, sample concentration 0.1 mg/mL o f each analyte, wavelength
o f detection 254 nm. Peaks: 1- NTB, 2-NAP, 3-ACE, 4-FLU, 5-PHEN
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2.2.2 DABD Selectivity o f Naphthalene Derivatives
In order to explore further applications o f DABD in the separation o f neutral
molecules, benzyl and the corresponding naphthalene based derivatives were studied.
phenol
(PNL)

naphthol
(NAL)

Figure 2.12

benzyl alcohol
(BAL)

benzyl amine
(BA)

2-naphthalene methanol
(NAM)

naphthytamine
(NAA)

nitrobenzene
(NB)

nHronaphthalene
(NNA)

Benzyl and corresponding naphthalene based derivatives studied.

(Figure 2.12). Terabe and co-workers demonstrated that SBD favored the naphthalene
skeleton over benzene derivatives for the separation o f neutral molecules [26], Figure
2.13 A shows the attempted separation o f a mixture o f BAL, BA, NB and PTN using
DABD. DABD exhibited no selectivity toward benzyl derivatives under optimized
conditions. However, DABD exhibited selectivity and separation o f the naphthalene
based derivatives. Under the same conditions, a mixture o f NNA, NAA, NAL and
NAM was partially separated (Figure 2.13B). Note that NNA and NAM separate,
whereas NAA and NAL coelute. Similar to SDB, DABD exhibited better selectivity
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and separation o f the naphthalene based derivatives then the corresponding benzyl
derivatives. These experiments coincide with the results reported by Terabe [26].
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Figure 2.13

24.00

12.00

T im e (m ln)

Electrokinetic chromatogram o f benzyl and corresponding
naphthalene derivatives. Conditions: 6.6 mM DABD (G =2.5); 50
mM acetate buffer; pH adjusted to 5.5; applied voltage -15 kV; current
— 25 pA; pressure injection 85 kPa*sec; sample concentration 0.1
mg/mL o f each analyte, wavelength o f detection 254 nm Peaks: (A) 1 =
PNL, 2 = BAL, 3 = BA, 4 = NB, (B) 1-NNA, 2-NAA, 3-NAL, 4-NAM.

To demonstrate further use o f DABD, separation o f a mixture o f four
naphthalene derivatives [NA (1), NAM (2), BNAL (3), BNL (4)] is shown in Figure
2.14. As expected, the analytes eluted in order o f increasing hydrophobicity.
2 3 Conclusions
DABD

functioned

as

a

pseudo-stationary

phase

in

electrokinetic

chromatography. A range o f pHs and concentrations o f DABD which were applicable
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in the separation o f neutral aromatic molecules and naphthalene derivatives.

For

separation o f the selected analytes,

0.00

6.65

1.94 -

•

0.42
12.00

24.00

Tlmo (min)

Figure 2.14

Separation of a m ixture of four naphthalene derivatives by
use o f DABD (G * 2.5). Conditions: 6.6 mM DABD (G =2.5);
50 mM acetate buffer, pH adjusted to 5.5; applied voltage -15
kV; current ~ - 25 pA; pressure injection 85 kPa*sec; sample
concentration 0.1 mg/mL o f each analyte, wavelength ogf
detection 254 nm. Peaks: 1- NAL, 2-NAP, 3-BNAL, 4-BNL.

organic co-modifiers were not required to achieve selectivity. However, DABD did
not show any selectivity toward smaller benzyl derivatives.
More hydrophobic linkers such as diaminobutane did not enhance selectivity
for smaller benzyl groups but offered selectivity for naphthalene derivatives and
PAHs. Results showed that DABD offered less selectivity in the presence o f organic
modifier. The combination o f more hydrophobic diamines (i.e. diaminooctane) with
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higher branched surface groups will possibly offer better structural selectivity toward
benzyl derivatives and large polycyclic compounds.
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Part II:

Development and Use of Chiral Dendrimers as Chiral
Selectors for Enantiomeric Separation

The unprecedented ease o f chemical modification and synthetic control of
dendrimers have provided numerous opportunities for chemical applications.

In

particular, dendrimers provide a unique opportunity for tailored chemical interactions,
such as molecular recognition. The controllable dendritic structure (i.e., cavity size
and shape, terminal groups, and repeat units) offers modest control over construction
and design o f chemical interactions. For separation scientists, this avenue provides an
occasion for design and an unparalleled attempt to control chemical interactions aimed
specifically toward separations o f enantiomeric molecules. Simply stated, EKC is one
area where chiral dendrimers could potentially hold great promise.
Since the development o f dendritic molecules, the synthesis o f chiral
dendrimers has been a theme in dendritic chemistry. Denkewalter and co-workers [1]
synthesized a series o f tert-butoxy carbonyl-protected poly (a,e-L-lysine) dendrimers
in 1982 (Figure 2.15).
Since 1982, numerous reports o f chiral dendrimers have appeared in the
literature. Tam and co-workers [2-5] coupled amino acids using lysine-based amine
acylation technology to produce octopus-immunogens and core matrices for a multiple
antigen peptide (Figure 2.16).

Newkome and Lin [6] reported a series o f acid

terminated cascade polymers (dendrimers) that were transformed into the related poly
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Y Y

Figure 2.15

Tert-butoxy carbonyl-protected poly (cc^-L-lysine) dendrimer [1].

tryptophane dendritic analogues. Lastly, Meijer and co-workers prepared an exotic
chiral dendrimer in which a series o f novel “dendritic boxes” consisting o f Af-protected
chiral amino acid capped dendrimers were synthesized [7], For a more comprehensive
review o f chiral dendrimers see Dendritic M olecules -

Perspectives [8].
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Figure 2.16

An octopus — immunogen (right) and multiple-antigen-peptide
(left): Ar - Arginine, Lys - Lysine [2|.
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The abundance o f synthetic procedures for the preparation o f chiral dendrimers
surprisingly contrasts their applications in chiral separations. Chiral selectors such as
native and derivatized cyclodextrins [9-15], chiral surfactants [16-20], and polymeric
chiral surfactants [21-26] have offered enantiomeric resolution in EKC.

However,

enantiomeric recognition with traditional chiral selectors has not been studied in
detail. In most cases, the primary mechanisms o f interactions in these selectors are
unclear.

Thus, the unique chemistry o f chiral dendrimers can possibly offer

advantages over each o f the aforementioned chiral selectors.
Poly-amide dendrimers are suitable for EKC due to the four-directional core,
which dictates a spherical topology. The presence o f terminal carboxylic acid groups
provides a hydrophilic shell around a more hydrophobic core. A few characteristics o f
poiy-amide dendrimers are listed in Table 2.1. As indicated in Table 1, the molecular
weight, terminal carboxylic acid groups, and hydrodynamic radii associated with each
molecule increases exponentially with increasing generation number.

Table 2.1

Characteristics o f poly-am ide dendrimers [27-28].

Generation
(G)

no. o f terminal
groups (Z)

formula
weight

hydrodynamic
Radius (A)

1

12

1,341

12.3

2

36

4,092

17.3

3

108

12,345

23.9
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In this section, poly-amide dendrimers based on Newkome’s divergent
synthetic strategy were prepared and transformed to chiral terminated dendrimers
using two different types o f chiral molecules [27-28]. The aim o f this section is to
synthesize and characterize chiral dendrimers and to evaluate them for their use in
enantiomeric separations.
2.5 Experim ental
2.5.1 Instrum entation
A Hewlett-Packard (Palo Alto, CA, USA) 3D-CE instrument was employed
for EKC separations. This instrument was equipped with high-voltage built-in power
supply (-30 to + 30 kV) and a Vectra personal computer (5/90) with HPCE
Chemstation software.

Separations were performed using an uncoated fused-silica

capillary (Polymicro Technologies, Phoenix, AZ, USA) of 50 pm i.d. with a total
length o f 55 cm [46.5 cm to detector window (Ld)]. The capillary was thermostated by
use o f a Peltier element.
2.5.2 M aterials
Tetrahydrofuran (THF), the racemate (± )-l,I’-bi-2-naphthol (BN, 99%),
triethylamine (Et 3N), and acetonitrile (ACN) were purchased from Aldrich Chemical
Company (Milwaukee, WI, USA). Tris(hydroxymethyl)aminomethane (TRIS) was
purchased from Fisher Scientific Company (Fair Lawn, NJ, USA).
(Na2B4C>7) was purchased from EM

Sodium borate

Science (Gibbstown, NJ, USA). N,N’-

dicyclocarbodimide (DCC), carbonyl diimidazole (CDI), diisopropyl ethyl amine
(DIPEA), and 2-amino indanol (Al) were purchased from Aldrich Chemical Company
(Milwaukee, WI, USA). One-hydroxybenzotriazole (1-HBT) was purchased from
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Acros Organic (New Jersey, NJ, USA).

A-f-Boc-L-isoleucine and l-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDAC) was purchased from Sigma Chemical
Company (Milwaukee, WI, USA). All chemicals were used as received.
2.5.3

DOSY NMR
All DOSY NM R experiments were performed on a Brucker DPX-300

Spectrometer equipped with a 5 mm actively shielded z-gradient probe. The coil
constant o f the probe, 50.3 G/cm at 100% gradient strength, was determined by
carrying out a pulsed gradient NMR experiment on p-cyclodextrin in D 2O (D =
3.23xlO'to m V 1) [52]. The intensity and duration o f the magnetic field gradient pulses
were controlled by a Silicon Graphics 0 2 workstation.
The respective dendrimer samples were dissolved in D20 at a concentration o f
0.10 mg/mL. All diffusion experiments were performed at 298 K using the bipolar
longitudinal encode-decode (BPLED) pulse sequence [53].

In the BPLED

experiment, the attenuation o f the areas o f the NMR resonances is given by
(2 . 1)

where D is the diffusion coefficient, y is the magnetogyric ratio, G and § are the
amplitude and duration o f the bipolar gradient pulse respectively, A is the diffusion
delay time, t is the delay between the bipolar pulse pair, and Io is the peak area in the
absence of the gradient. In all the diffusion studies A, x, and 5 were set at 250, 1.2,
and 2.0 ms, respectively. For the dendrimer samples, 14 free induction decays were
collected in each diffusion experiment, with gradient strengths, G, ranging from 2.5 to
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32.7 Gauss/cm. Each free induction decay was acquired with a spectral width o f 6173
Hz and 8K data points.
After data acquisition, the free induction decays collected in each experiment
Were apodized with S Hz line broadening.

Fourier transformed, phased, and the

spectral region from approximately 1.0 to 2.5 ppm was integrated.

The diffusion

coefficients were calculated from the slope o f the line obtained by plotting In I versus
[(A-5/3-t/2)y2G252] using the software package Sigma Plot.
2.5.4 Synthesis of Dendrimers
2.5.4.1 Poly-amide Dendrim ers
The dendrimers prepared in this study are o f the form (Z-Cascade:
methane[4]:(3-oxo-6-oxa-2-azapentylidine)G*l:propanoic acids [29]. For simplicity,
this structure will be referred to as a poly-amide dendrimer. The poly-amide
dendrimers were synthesized by following a divergent procedure described by
Newkome and co-workers [27-28],

The starting materials (tetra acid core (1) and

behera’s amine (2)) were synthesized in the laboratory of Professor George Newkome
[26, 27] (Figure 2.17) The tetra acid core (1) was amidated with the branched amine
building block (2) via standard DCC/1-HBT peptide coupling conditions, followed by
facile removal of the protecting group, affording generation one (12-A).

Using a

similar synthetic strategy, generation two dendrimer (36-A) was synthesized.
The synthetic scheme for the first and second generation poly-amide dendrimer
can be found in Appendices 1 and 2, respectively. Each generation was characterized
by I3C NMR spectroscopy using a Bruker 250 NMR (Berkeley, CA) with a Silicon
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Graphics computer interface. Experimental 13C NM R chemical shifts for generation
one and two are found in Appendices 1 and 2, respectively.
2.5.4.2 M odified Poly-am ide dendrimers
Using a divergent synthetic strategy, two different types chiral terminated
poly-amide dendrimers (2-amino indanol and amino-acid terminated) were
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Figure 2.17

Synthesis o f the core (1 -* 1’) and branched amine building
block (2
2’) [27-28].
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synthesized. The first chiral dendrimer was synthesized via stirring (25°C) generation
one poly-amide dendrimer (12-A) dissolved in methanol, in the presence o f CDI, and
AI for 24 hours (synthetic scheme - Appendix 3). After stirring for 24 hours, the
solvent was removed under reduced pressure to yield the crude product Impurities
were removed by dissolving the crude product in H 2O and performing a continuous
liquid-liquid extraction with diethyl ether, yielding 12-AI-G1 (Figure 2.18).

The

same procedure was followed for the corresponding chiral terminated second
generation dendrim er (36-AI-G2). 36-AI-G2 was found to possess similar l3C NMR
spectral patterns to 12-AI-G1.
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Figure 2.18
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Chemical stru c tu re of 12-AI-G1.

The second type o f chiral terminated dendrimer synthesis involved modifying
12-A with an amino-acid [6]

(Figure 2.19).

This dendrimer, 12-ILE-G1, was
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synthesized by treating 12-A with an excess o f isoleucine methyl ester hydrochloride
in the presence o f ED AC and E tjN in THF/MeCN (1:1) (synthetic scheme - Appendix
4).

After stirring for 24 hours, the solvent was removed under reduced pressure to

yield the crude product Impurities were removed by using standard organic/aqueous
extraction procedures.

Figure 2.19

Chemical Structure o f 12-ILE-G1.

2.5.5 Preparation o f analytes and running buffer solution
Aqueous buffer solutions were prepared by adding an appropriate volume of 100
mM Tris buffer adjusted to the desired pH with 0.1 M NaOH and 0.1 M HC1.
Weighing the appropriate amount o f dendrimer into a volumetric flask, aqueous TRIS
buffer was transferred into the volumetric flask. The pH was adjusted if required, and
then the separation buffer was sonicated. A stock solution o f (±)-BOH was prepared
at a concentration o f 0.15 mg/mL in methanol/water solution.
An uncoated capillary purchased from Polymicro Technologies (Phoenix, AZ,
USA), with an internal diameter o f 50 pm and a total length o f 47 cm (39.4 cm to
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detector window) was used. A new uncoated capillary was conditioned by flushing
successively with 1.0 M NaOH (60 minutes and 60°C), 0.1 M NaOH (30 minutes),
and deionized distilled water (10 minutes) before use. Between each injection, the
capillary was rinsed with deionized distilled water (1.5 minute), and with the
respective buffer (2 minutes). The sample was filtered with 0.45 pm Nalgene Nylon
filters (Rochester, NY, USA) and introduced into the capillary with a 50 mbar*sec
pressure injection.
2.6 Results and Discussion
In order for chiral poly-amide dendrimers to be useful as PSP in EKC, at least
three criteria must be m et

First, the chiral dendrimers should exhibit reasonable

solubility within the electrophoretic run buffer. Second, once solubilized, the chiral
dendrimers

should

electrophoretic run.

exhibit

minimal

background

absorbance

throughout the

Ideally, a PSP should have zero background absorbance.

However, quite often PSPs containing aromatic moieties have some inherent
background absorbance. Third, the chiral dendrimers should be able to provide chiral
selectivity.
2.6.1 Spectral Properties
The poly-amide chiral terminated dendrimers synthesized absorbed light in the
ultra-violet (UV) spectral region. The absorption spectra o f 12-A, 36-A, and 12-AIG1 dendrimers, each at a concentration o f 30 mM, can be found in Figure 2.21. The
benzyl chromophore o f the terminal chiral functional group (2-amino indanol)
commonly exhibits absorption properties in the near UV region [30], The 12-AI-G1
was expected to absorb in the UV region (tc- tc* transition). Strong absorption is
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expected since these are allowed transitions. The absorption properties o f 12-A and
36-A are weak because they arise from forbidden transitions. Based on the structure
o f 12-A and 36-A, the absorption properties can be explained by the non-bonding
electrons associated with the carbonyl and amide chromophores (n - k* transition).
Generally, n - 7c* transitions absorb in the near UV (200 - 220 nm) [30]. These
absorption characteristics could be detrimental to detection o f molecules at
wavelengths below ~ 230 nm. However, at wavelengths above 230 nm, 12-A and 36A should not provide substantial background interference.
2.6.2 M olecular Characteristics of chiral terminated poly-am ide dendrimers:
12-AI-G1 and 36-AI-G2
Table 2.2 illustrates the observed diffusion coefficients and calculated
hydrodynamic radius, radius of gyration, partial specific molar volumes and
experimental specific rotation values o f 12-A and 36-A dendrimers. The diffusion
coefficients were determined by diffusion ordered 2D-NMR spectroscopy (DOSY)
[31-32], This method, which uses pulsed field gradient NMR (PFG-NMR), provides
chemical shifts in one direction and diffusion coefficients in the other. The basis o f
DOSY, which is the relationship o f field gradient to diffusion, was recognized very
early in the development o f NMR [33-34],
Currently, m ost diffusion measurements are obtained using the method of
Stejskal and Tanner [35],

Blum [36] furthur developed this method into what is

presently called Pulsed-Gradient Spin Echo (PGSE) NMR.
PGSE NMR technique.

DOSY is an enhanced

Four major improvements distinguish DOSY from PGSE

NMR: 1) a stimulated echo modification for samples with short T2’s [37-38], 2)
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introduction o f Fourier transform to provide chemical shift resolution [39], 3) eddy
current alleviation through active shielding [40-41], and 4) the use o f a longitudinal
eddy current delay (LED) pulse sequence [42],
The DOSY spectrum is obtained by pulsing the magnetic field gradient after
the rf pulse.

The pulse field gradient (PFG) labels the immediate position of the

nuclei. If the molecule moves during the duration o f the gradient pulse (5) then the
NMR signal intensity (I) will decrease due to the effect o f irreversibility o f the first
pulse. The decrease in I is representative o f diffusion. Therefore, the exponential
decay o f signal intensity with gradient pulse area is the data set

I(K,V) = - £ A ^ )e x p [-A , ( A - % ) - * 2 .
ft

(22)

n

where A(v) is the ID NMR spectrum of the n* species, D„ is the tracer diffusion
coefficient o f the n* species, A is diffusion time, 8 is the duration o f the gradient
pulse, K = yg5 is the measure o f the area of the gradient pulse, y is the gyromagnetic
ration, and g is the amplitude o f the gradient pulse. Inverse Laplace transformation
results in the conventional spectrum [43-45],
The DOSY experiments performed were carried out using the bipolar encodedecode (BPLED) pulse sequence shown in Figure 2.20. In the BPLED experiment,
the transverse evolution time is kept at a minimum throughout the pulse sequence. The
result is a T1 (rather than T2) governing the effect o f spin relaxation. Also, the time
varying magnetic fields used in NMR diffusion measurements are known to induce
eddy currents in the metal structures of the NMR spectrometer surrounding the
gradient coil. These currents have associated magnetic fields which lead to distortions
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o f both the amplitude and phase of the spectral components in the Fourier transformed
spectra. In the BPLED experiment the use o f both bipolar gradient pulses separated
by a 180° rf pulse and a longitudinal relaxation time, Te, minimizes the effects o f these
eddy currents. The delay between the bipolar pulse pair, t , gradient pulse duration, 5,
diffusion time, A, and eddy current delay time, Te, are all held constant while the
amplitude o f the gradient pulse G is varied.

The resulting diffusion dependent

attenuation o f the NMR signal is given by equation 2.2.

90 °

Figure 2.20

180°

90°

90 * 18

*

90 *

90 *

(A) radio frequency pulses and free induction decay
(B) magnetic field gradient pulse for bipolar longitudinal
encode-decode pulse sequence.

Effective hydrodynamic radii Oh) were calculated from measured diffusion values (D)
using the Stokes-Einstein Equation
rh = kBT/(D67cn),

(2.1)

where kB is the Boltzmann constant, T is the absolute temperature, and r| = 1.098 cP is
the viscosity o f D2O at 298 K [46],
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The relationship between radius o f gyration (rg) and hydrodynamic radius (r*)
is a subject of many debates in the literature. According to Tanford [47], for a random
coil polymer, the rg is related to the r* by the equation

rh = 0.665 ~rg .

(2.3)

Lescanec and Muthukumar [48] have modeled poly(amido amine) starburst
dendrimers (PAMAM) as strings of beads (whereby the spacers are stretched and
pointed away from the central core). The rg s o f PAMAM dendrimers were found to
be directly proportional to the molecular weight and the center-to-branch-end distance.
Mansfield and Klushin [49] reported rg s from intrinsic viscosity’s of PAMAM
dendrimers also. They concluded that the rh measured by intrinsic viscosity could be
misleading. Furthermore, they added that the r* was sensitive both to the rg o f the
molecule and to its density.

In both cases, the equation relating rg to r/, was not

reported.
For the poly-amide dendrimers synthesized within this chapter, the rgwere
calculated from the rh using the equation

rh = 0.676-<r/>2,

(2.4)

as used without explanation by Larive and co-workers [50].
The partial molar volumes were calculated from an equation derived by Terabe
and co-workers [51]

VpV = (4/3)-(6.022 x 1023) 7tr\
where r is the radius o f the dendrimer.
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Figure 2.21

Absorbance Spectra o f 12-A, 36-A, and 12-A1-G1.
Conditions: (1) 30 mM 12-AA, (2) 30 mM 36-AA, (3) 30 mM
12-AI-G1 in water.

Table 2 .2

Observed
Diffusion
Coefficients*
and
Calculated
hydrodynamic radii, radii of gyration, partial molar
volumes and specific rotation values o f 12-AI-G1 and 36-AIG 2.

Diffusion coefficient (D)"
(mVs)
Hydrodynamic radius (ra)A
(A )

Radius or gyration (r.)

Generation 1
(12-AI-G1)
2.38 x 10*‘°

Generation 2
(36-AI-G 2)
2.54 x 10*l°

8.3

15.5

12.4

22.9

(A )

9,388
partial m olar volume
1,473
(mL/moi)
specific rotation [a]
-10.2
-5.7
* Experimentally determined using DOSY (PFG-NMR) Spectroscopy [23,26]
Experimentally determined using eqn (2.2), Bexperimentally determined using eqn (2.4),
cexperimentally determined using etpi (2.5)
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As anticipated, the chiral terminated dendrimers undergo an appreciable
increase in hydrodynamic radius, radius of gyration, specific rotation, and partial
molar volumes from generation one to the next

Furthermore, the hydrodynamic

radius, radius o f gyration and specific rotation almost doubles, whereas the partial
specific molar volume increases six fold.
2.6.3 Applications in Chiral Separations
The utilities o f 12-AI-Gl and 36-AI-G2 as a chiral selectors were evaluated
with enantiomeric separation of (±)-BOH. These enantiomers are classified as chiral
atropisomeric compounds, even though they are void of an asymmetric carbon center.
Chiral atropisomeric compounds often possess an adjacent ft system that cannot adopt
a coplanar configuration due to steric hindrance and rotational restrictions around a
central bond; thus they are classified as chiral compounds.
In

a

series

o f concentration

and

pH

experiments,

(±)-BOH

was

enantiomerically resolved using 20 mM 12-AI-Gl at pH 10. At concentrations lower
than 20 mM, no chiral resolution was achieved. Figure 2.22 shows the enantiomeric
recognition o f (±)-BOH under the aforementioned conditions. In an effort to improve
the enantiomeric resolution o f (±)-BOH using 12-AI-Gl, higher concentrations were
employed.

Unfortunately, higher concentrations o f 12-AI-Gl resulted in no

significant improvement in enantiomeric recognition.
In an effort to investigate the impact o f increased partial specific molar volume
on enantiomeric recognition o f generation two, 36-AI-G2 was employed as a chiral
selector. Similar experimental conditions (20 mM 36-AI-G2 at pH 7) were used to
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13

Enantiom eric recognition o f (±)-BOH using 12-A I-G l Conditions:
20 mM 12-AI-Gl; 30 mM NaHjP04adjusted to pH 10; applied voltage
30 kV; current 77 pA; pressure injection 50 mbar*sec; (±)-BOH
sample concentration 0.1 mg/mL in methanol/water (1:1, v/v).

evaluate the chiral selectivity o f 36-AI-G2.

However, enantiomeric recognition o f

(±)-BOH was not attainable using 36-AI-G2.
The lack o f enantiomeric recognition o f (±)-BOH using 36-AI-G2 could
possibly be attributed to the bulkiness o f the chiral moiety used to modify the poly
amide dendrimers. It is possible that the 2-amino indanol functional group contributed
to bulk at the surface o f the dendrimer and thus preventing sufficient partitioning
between the PSP and the (±)-BOH. Furthermore, the tc-tc interaction o f the naphthol
moieties o f (±)-BOH could have possibly provided stronger binding to the dendrimers.
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This is partially supported by the direct increase in retention time with increasing 36AI-G2 concentration.
Since the poly-amide dendrimers are terminated with carboxylic acid moieties,
functionalization with amino-acid moieties was viewed as an option. Following a
procedure described by Newkome and co-workers [6], a first generation isoleucine
terminated poly-amide dendrimer was synthesized

(refer to Appendix 4 for the

synthetic scheme), herein noted as 12-ILE-G1.
The introduction o f amino-acids as terminal functional groups for the poly-acid
dendrimers introduces a new problem previously not observed with the 2-amino
indanol terminated dendrimers. This amino acid terminated dendrimer exhibited a
solubility problem around pH = 5. In contrast, the 2-amino indanol terminated

9
1

10

15

20

23

30

mf c i u f

Figure 2.23

E nantiom eric separation o f (±)-BOH using 12-ILE-G1 Conditions:
20 m M 12-ILE-Gl; 30 m M NaH2P0 4 adjusted to pH 10; applied
voltage IS kV; current 30 ixA; pressure injection SO mbar’ sec; (±)BOH sample concentration 0.1 mg/mL in methanol/water (1:1, v/v).
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dendrimers exhibited a wide range o f solubility in aqueous buffers ranging from pH 210.

Nevertheless, employing a rigorous concentration and pH study, enantiomeric

resolution (R* = 1.0) o f (±)-BOH was achieved using 12-ILE-G1 (Figure 2.23).
2.7 Conclusion
Derivitization o f poly-amide dendrimers with chiral groups and use o f these
molecules as PSP, has been demonstrated. Two types o f chiral terminated poly-amide
dendrimers were developed: 2-amino indanol (12-AI-Gl and 36-AI-G2) and
isoleucine (12-ILE-G1). Little success in enantiomeric resolution o f (±)-BOH was
achieved with 12-AA-G1, whereas no enantiomeric separation was achieved with 36AA-G2.

However, 12-ILE-G1 showed enantiomeric resolution (Rs = 1.0) o f (±)-

BOH. While 12-ILE-G1 illustrated enantiomeric resolution o f (±)-BOH, a sacrifice in
solubility at lower pH’s was observed. In contrast, 12-AI-Gl provided solubility over
a wide pH range, but no enantiomeric resolution was observed. Nevertheless, this
work demonstrates that it is feasible to use amino-acid terminated poly-amide
dendrimers for chiral separations.
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Chapter 3.
A C ationic P-cyclodextrin Derivative for C hiral Separations
A cyclodextrin (CD) is a cyclic oligomer o f a-D-glucose formed by the
enzymatic degradation o f Bacillus amylobacter on starch [1]. The glucose units are
connected through glycosidic a - 1,4 bond. As a result, the structural consequence o f
this bonding mode is the formation o f a shallow truncated cone having n glucose
residues. The top o f the truncated cone is encircled with the secondary hydroxyl
groups at the C2 and C3 positions o f the glucopyranose residues.

The primary

hydroxyl groups at the C6 positions encircle the bottom o f the truncated cone. The
interior of the cone is lined with the oxygen atoms associated with the glycosidic
linkages.

OH

HG

Figure 3.1

n

n = 6, a-CD
n = 7, p-CD
n = 8, y-CD

Chemical structure of the cydodextrins.
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There are three common CDs available: a-C D (six glucose units), P-CD (seven
glucose units), and y-CD (eight glucose units) (Figure 3.1). CDs with less than six
glucose residues are too strained to exist, whereas those with more than eight residues
are very soluble and difficult to isolate. Table 3.1 outlines characteristics o f a -, P-,
and y-CDs [2],

Table 3.1

Characteristics o f a-, P-, and y-CDs [2|.

no. of glucose units
molecular weight
solubility in water,
g 100 mL*1 at room temp.
[<x]D 25°C
cavity diameter, A
height o f torus, A
diameter o f outer periphery, A
approximate cavity volume
in 1 mol CD (mL)
in 1 g CD (mL)
crystal forms (from water)
crystal water, wt %
diffusion constant at 40°C
hydrolysis by A. oryzae a-am ylase
Vma3Cvalue, min*1
relative permittivity®
(on incorporating the nap* group)
pK at 25°C (by potentiometry)
partial molar volumes
in solution mL mol'1
adiabatic compressibility
in aqueous solutions mL
(m o l1 bar'1) x 104

a

3

r

6
972
14.5

7
1135
1.85

8
1297
23.2

150 ±0.5
4.7-5.3
7.9 ±0.1
14.6 ± 0.4

162.5 ±0.5
6.0-6.5
7.9 ±0.1
15.4 ± 0.4

177.4 ±0.5
7.5-8.3
7.9 ± 0.1
17.5 ±0.4

104
0.10
hexagonal
plates
10.2
3.443
negligible
5.8
47.5
12.332
611.4

157
0.14
monoclinic
parallelograms
1 3.2-14.5
3.224
slow
166
52.0
29.5
12.202
703.8

256
0.20
quadratic
prisms
8.13-17.7
3.000
rapid
2300
70.0
39.5
12.081
801.2

7.2

0.4

-0.5

a

« -J

:______ ____ ____________ , _____ ,

# nap = naphthalene
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Applications o f CDs range from pharmaceutical to chemical industrial. In a
1996 publication o f Cyclodextrin News, more than 19 % o f the relevant CD abstracts
published were dedicated to analytical chemistry [2]. In analytical chemistry, their
applications range from Ultraviolet-Visible Spectroscopy to NMR spectroscopy and
most extensively, in separation techniques such as thin-layer chromatography (TLC),
gas chromatography (GC), high-performance liquid chromatography (HPLC) and
capillary electrophoresis (CE).

Moreover, the number o f publications per year on

application o f CDs in analytical chemistry illustrates that the fastest growth area came
from CE (Figure 3.2) [2].

150
CE
HPLC
GC
Diag

o
-Q

CL

0
1986 1988 1990 1992 1994 1996

Figure 3.2

Publications per year on application o f CDs
in analytical chemistry [2].
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CDs display a unique potential for chiral separation o f enantiomers on a
chromatographic scale due to their well-known formation o f host-guest complexes [3]
and stereoselective binding [4], The most useful CD for enantiomeric separation in
CE, probably due to its ideal cavity size, is P-CD. However, P-CD has the lowest
solubility among the series of native CDs (Table 3.1). Szejtli has proposed that the
intramolecular hydrogen bonding o f the P-CD rim is responsible for it low solubility
[2]. The C-2-OH group o f one glucopyranoside unit can form a hydrogen bond with
the C-3-OH group o f the adjacent glucopyranose unit In the CD molecules, these H
bonds form a complete secondary b e lt therefore, the P-CD is a rather rigid structure
[2].

The hydrogen-bond belt is incomplete in the a-C D molecule, because one

glucopyranose unit is in a distorted position and instead o f the six possible H-bonds,
only four bonds can be established folly. The y-CD is a non-coplanar, more flexible
structure; therefore, it is the most soluble o f the three CDs [2]. Thus, one possible
solution to the solubility problem o f P-CD can be found in selective modification. For
example, selective modification o f P-CD to hydroxypropyl-P-CD increases its
solubility limit to > 33 g/100 mL (water, 25° C) [5].
The use o f CDs as chiral selectors in CE was pioneered by Fanali and
co-workers [6], Since Fanali’s initial report, there has been a spectacular growth in
the use o f native {(a- [7,8], P- [9-15] and y- [15-20]} CDs and alkyl modified
(hydroxypropyl- [21-25]), ethylated- [26] and methylated- [27-31])} CDs in CE.
Among the various non-charged derivatized CDs reported to date, P-CD, y-CD and
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dimethyl-P-CD are versatile chiral selectors for enantioseparation o f a wide range o f
racemates [6],
The recent widespread applications o f charged CDs for chiral separation could
be attributed to two important factors.

First, neutral racemates that lack

electrophoretic mobility, as well as the charged racemates, can be enantioresolved
with charged CDs.

Second, introduction o f ionogenic groups on the CD rim, or

connected to it via a short alkyl chain, enhances the solubility o f charged CDs in
aqueous media. Terabe and co-workers showed the first application o f a charged PCD for the resolution o f dansylated amino acid enantiomers [32], Over the last five
years, the majority o f chiral separations o f basic enantiomers involved the use of
anionic (carboxylated, [33-35] sulfated, [36-43] and phosphated, [44]) derivatives of
P-CD.

However, enantiomeric separation o f acidic racemates are not generally

feasible with anionic CDs [45], probably due to the strong electrostatic repulsion
between a selector-solute pair carrying the same negative charge. Chiral separations
with the aid o f cationic CDs in CE has been somewhat obscure, albeit analytically
useful for host-guest complexation. Currently, there are only a few reports concerning
the use o f cationic CDs as chiral selectors in CE [32, 46-56],
commercial availablility of cationic CDs is limited.
available cationic CD [57],

Moreover, the

There is only one commercially

In contrast, there are more than fifteen anionic CDs

commercially available.
It has been suggested that when only one positive charge is present,
irrespective o f its position near or from the CD rim, the enantioselectivity decreases
[50], The use o f poly-cationic derivatives o f CD, not only provides a stable reverse
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electroosmotic flow (EOF), but also results in a wider separation window. Thus, this
provides the possibility o f achieving higher enantioselectivity for acidic racemates.
A novel cationic (3-cyclodextrin [heptakis (6-methoxyethylamine) herein noted
as 3-CD-OMe (VII)] derivative was employed as a PSP for chiral separations in EKC.
The 6-methoxyethylamino group provides a derivative, which is extensively charged,
and is highly soluble in aqueous solution with good buffer capacity. It appears that the
positively charged 3-CD-OMe (VII) not only covers the inner wall o f the fused-silica
capillary tubes but also counteracts the excess o f negatively charged buffer. Thus, a
compact layer with substantial anionic character produces a stable reverse EOF. In
order to test our hypothesis we employed P-CD-OMe (VTI) as a chiral selector and
targeted two classes o f anionic chiral racemates. The first class is the aryl propionic
acid non-steroidal anti-inflammatory drugs (NSAIDs).

The second class o f chiral

recemates studied is phenoxypropionic acid herbicides (PPAHs).
3.1 Experimental
3.1.1 Reagents and Chemicals
Analytical grade (GR) sodium phosphate dibasic anhydrous was purchased
from EM Science (Gibbstown, NJ, USA).

Sodium hydroxide (ACS Reagent) was

purchased from J.T. Baker (Phillipsburg, NJ, USA).

The racemic mixtures o f

ketoprofen (Ketop), indoprofen (Indop), ibuprofen (Ibup), flurbiprofen (Flurp),
suprofen (Sup), fenoprofen (Fenop) and carprofen (Carp) were purchased from Sigma
(St.

Louis,

MO,

phenoxy)propionic
(2,2-CPPA),

USA).
acid

The

racemic

(2,3-CPPA),

PPAHs

including

(±)-2-(3-chloro-

(±)-2-(2-chIorophenoxy)propionic

(±)-2-(4-chlorophenoxy)propionic

acid

(2(2,4-DCPPA),
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acid

2(2,4,5-

trichlorophenoxy)propionic acid (2(2,4,5-TCPPA)), (±) 2-{2,4-dichIorophenoxyl)
propionic acid (2,4-CPPA) and (±)-2(2-phenoxy)propionic acid (2-PPA) were
purchased from Aldrich (Milwaukee, WT, USA).

Deionized distilled water (18.3

MQ/cm) was obtained from a Pureiab Polishing System (Lowell, MA, USA).

All

reagents were used without purification.
3.1.2 Synthesis o f P-CD-OMe (VII)
6-Perbromination o f P-CD I resulted in (6-bromo-6-deoxy)-p-CD 2.
details o f the bromination procedure are reported elsewhere [58],

The

Heptakis

(6-methoxyethylamino-6-deoxy)-P-CD (P-CD-OMe) 3 was prepared from 2 by
dissolving the latter in methoxyethylamine and heating at 65°C for 48 hours. The
reagent and solvent were removed under vacuum, and the resulting residue was

OCH,
OH

Br

OH,

OH,

’O

Figure 3.3

OH,

’O

7
1

HN

7
3

2

Synthetic schem e of P-CD-OMe (VII).

dissolved in hot methanol. A precipitate was obtained by the slow addition o f the
methanolic solution to the stirring analytical reagent acetone and collected by gravity
filtration.

The precipitate was redissolved in water and treated with a basic ion

exchange resin. Lyophilization o f the precipitate yielded 3 (60-65%). The schematics
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o f the reaction sequence are shown in Figure 3.3. Elemental analysis and

NMR

confirmed persubstitution o f 3-CD-OMe (VII).

3.1.3 Preparation of analyte and running buffer solutions
Stock solutions o f each analyte were prepared at a concentration o f 1.0 mg/mL
in a 50/50 % (v/v) methanol/water solution. Mixtures o f the analytes were prepared
(0.1 mg/mL) in 50:50 % (v/v) methanoi/water from their respective stock solutions.
Running buffers used in these separations were prepared by weighing the desired
amount o f 3-CD-OMe (VII) into a volumetric flask containing 7.5 mL of a 100 mM
NaH2P0 4 or 0.1 M NaOH. After adjusting the pH and dilution o f BGE to 50 mM, the
solutions were sonicated for five minutes and filtered with a 0.45 pm Nalgene Syringe
filter (Rochester, NY).

3.1.4 Instrumentation
Chiral separations were preformed using a Beckman-System Pace 5510 CE
(Fullerton, CA) equipped with: (I) UV lamp operated at 214 nm and (2) System Pace
software for system control and data handling. An uncoated fused-silica capillary was
purchased from Polymicro Technologies (Phoenix, AZ) with an internal diameter of
50 pm and a total length o f 47 cm (40 cm to detector window). The run voltage
ranged from -15 to -30 kV. All separations were carried out at ambient temperature
(—23 °C).

3.1.5 Capillary electrophoresis procedure
A new capillary was conditioned by flushing successively with 1.0 M NaOH
(60 minutes), 0.1 M NaOH (30 minutes) and triply deionized distilled water (30
minutes), before use. Between each injection, the capillary was rinsed with 0.1 M
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NaOH (I minute), triply deionized distilled water (1.5 minutes) and with the
respective running buffer (2 minutes). All samples were introduced into the capillary
with an 85 kPa*s pressure injection.

3.2 Results and Discussion
As shown in Figure 3.3, (3-CD-OMe (VO) possesses a methoxyethylamine
group at the 6' position o f every D-glucose unit. The presence o f the seven secondary
amines (methoxyethylamines) groups make the CD derivative positively charged at a
pH values (4 -7) used in our CE separations. The presence o f positive charges in the
aqueous buffer not only enhances the solubility o f P-CD-OMe (VII) in aqueous buffer
in comparison with the parent compound, but also enhances its adsorption to the
negatively charged silanol groups on the capillary surface thus, reversing the direction
of the EOF (Figure 3.4).

Injector

C a p illa ry s u r f a c e

Detection

EOF

0@
Q000000000
Anions from buffer
Figure 3.4

Reversal of the EOF.
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Under conventional reversed polarity conditions, the (3-CD-OMe (VII)
migrates toward the cathode with a mobility of pCD*.

Free negatively charged

analytes under these conditions migrate along with the EOF toward the anode with
mobility pA \
directions.

Hence, the analytes and the chiral selector migrate in different

However, if an anionic analyte is strongly included into the cavity o f

P-CD-OMe (VTI), the complex will have an overall positive charge and will migrate
towards the cathode. Thus, it will elute later than the anionic analyte that is weakly
compiexed with P-CD-OMe (VII).

This is because P-CD-OMe (VII) is multiply

charged. Eventually the CD-analyte (CD-A*) complex with lower velocity will be
pulled by the EOF towards the anode (detector end) in reverse polarity CE
configuration. The W ren and Rowe Theory suggests that chiral selectors which carry
a charge opposite that o f the analyte will led to the greatest apparent mobility
difference between two enantiomers [60]. Consequently, for the maximum mobility
difference between the two enantiomers to be enhanced, the concentration and pH
parameters o f P-CD-OMe (VTI) must be carefully optimized.
3.2.1 Separation o f NSAIDs
The NSAIDs are nonopioid compounds that have anti-inflammatory, analgesic
and antipyretic properties [61]. The chemical structures o f the NSAIDs studied are
shown in Figure 3.5. Each NSAID contains a propionic acid group (chiral center)
adjacent to a phenyl group. Since the NSAIDs are often used as active ingredients in
over-the-counter drugs and have chiral centers, they fall under the mandate o f the
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Fenop

(Fenoprofen)

Ketop

(Ketoproftn)

N

H
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CM,

Cl
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(Flurprotwi)

(Carprafwi)
O
Pr

O

Pr

Indop

Sup

(Indoprotan)

Figure 3.5

(SupiOfM)

Non-steroidal anti-inflammatory drugs studied.

Food and Drug Administration (FDA) regulations fo r stereoisomeric compounds. The
FDA regulations stipulate that the stereoisomeric composition of a drug with a chiral
center should be studied for its biological activities and toxicological effects [62]. The
enantiomers o f NS AIDs have different properties. In the case o f ibuprofen, (the active
ingredient in Motrin, Advil, and Nuprin), the S (+) enantiomer contains therapeutic
activity whereas the R (-) enantiomer does not [63]. Thus an efficient and rapid
method for qualitation o f stereoisomer compounds is necessary.
3.2.1.1 Effect o f concentration on the migration tim e
Figure 3.6 (A,B) shows the effect of concentration on the migration times o f
seven enantiomeric pairs of NSAIDs at pH 5. As expected, with an increase in
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Migration time vs Concentration
P -CD-OMe(VII); pH 5
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M igration time vs Concentration (Fenop, Flurp, Ketop)
Conditions: SO mM NaH2P04 adjusted to pH S; sample
concentration 0.1 mg/mL in methanol/water (1:1, v/v); applied
voltage - 15 kV; current — 22 to - 27 pA depending on the
concentration o f P-CD-OMe (VII); pressure injection 85
kPa*sec.

concentration of P-CD-OMe (VII) from 1-5 mM, an increase in the migration times
(decrease in the apparent mobilities) for all the NSAIDs was observed.

Using

concentrations > 3 mM noticeable differences in migration times o f the enantiomers
were observed. The order o f migration established with 3 mM P-CD-OMe (VII) as:
Ibup > Fenop > Indop > Flurp > Sup > Carp > Ketop. However, with concentrations >
3 mM P-CD-OMe (VTI), the second enantiomer o f Flurp migrates slower than both
enantiomers o f Fenop whereas Sup migrates ahead o f Indop. This shift in the mobility
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o f Fenop and Sup are probably due to their change in their net charge with increasing
ionic strength. Interestingly, P-CD-OMe (VII) offered no chiral discrimination toward
Ketop at pH 5; however, enantiomeric separation o f this racemate was achieved under
different pH conditions. Furthermore, note that no migration data were recorded for
(±)-Ibup due to its strong interactions at concentrations > 4 mM with P-CD-OMe
(vn ).

Migration time vs Concentration
p-CD-OMe(VII); pH 5

s
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« — INDOPROFBM

CARPROFHM

IBUFROFBM
INDOPROFBM
SUPROFBM

20
o

1

SUPROFHM

Cone [mM]

Figure 3.6B

M igration tim e vs Concentration (Carp, Ibup, Indop, Sup)
Conditions: SO mM NaH2P04 adjusted to pH 5; sample
concentration 0.1 mg/mL in methanol/water (1:1, v/v); applied
voltage - 15 kV; current — 22 to - 27 p.A depending on the
concentration o f P-CD-OMe (VII); pressure injection 85
kPa*sec.
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The mechanism of complexation between the cationic P-CD-OMe (VII) and
the anionic NSAIDs was attributed to a combination o f electrostatic, hydrogen
bonding, and/or sterically favored interactions. In general hydrogen bonding or ion
pair interactions between the methoxyethyamine group substituted at position 6 o f CD
molecule versus the anionic or protonated carboxylate group o f the analyte seems to
be operative.

However, steric interactions appear to dictate the chiral recognition

ability o f NSAIDs with P-CD-OMe (VII).

Evidence for a sterically favored

mechanism for complexation was demonstrated with Ketop.

At pH 5, no chiral

discrimination o f Ketop was observed. The mechanism in this case could be attributed
to either a weak interation with P-CD-OMe (VII), or orientation o f the phenyl
propionic acid group which cause steric hinderance o f the analyte. In the case o f the
NSAIDs, as the pH increases, the negative charge on the analytes increases. The result
is a stronger electrostatic interaction with P-CD-OMe (VII). Thus, for electrostatic
interaction to prevail as the possible separation mechanism, Ketop (pKa = 4.0 [64])
should have been resolved at pH S. However, since Ketop was not resolved, we
postulated that the separation mechanism o f the enantiomeric separation o f NSAIDs
was attributed to orientation o f the phenyl propionic moiety. This mechanism is
supported by the enantiomeric separation o f Sup which is structurally similar to Ketop
and can be enantiomerically separated at pH 5.0. The phenyl propionic acid moiety of
Sup is in the para position whereas it is in the meta position for Ketop, Sup can orient
favorably with the CD cavity.

Similar observations were reported by Fanali and

Aturki [31] and it has been suggested that using tri-O-methyl-P-cyclodextrins, para-
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substituted aromatic rings demonstrated better fit into the CD cavity than those o f
mera-substituted aromatic rings.
3.2.1.2 Effect o f pH on resolution
The effect o f pH on the migration tim e is more complicated with P-CD-OMe
(VII) than with other neutral or derivatized P-CDs. This can be attributed to two
major reasons. First, P-CD-OMe (VII) has several protonated amine groups (DS = 7)
with various pKas. [58, 59]. Second, the NSAIDs possess ionizable carboxyiate
groups. Therefore, pH not only affects the EOF but also the charge and the chiral
recognition properties o f both the analyte and chiral additives. Figure 3.7 shows the

Migration time vs pH
3 mM p -CD-O M e(VII)
I . . . # . . . FBJOPROFBJ

j

J___ * ___ FBMOPROFBSJ

I

j ___* ___ FLURBIPROFBtl j j
6 ----- FLURBIPROFEN!

s

4

5

6

. . - e - - - KETOPROFBY

j

a ___ KETOPROFEN

j

7

pH

Figure 3.7

j
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|
J

M igration tim e vs pH (Fenop, Flurp, Ketop). Conditions: 50 mM
NaH2P 0 4 adjusted to pH 5, sample concentration 0.1 mg/mL in
methanol/water (1:1, v/v); applied voltage - 15 kV; current — 22 to 30 pA depending on the concentration o f P-CD-OMe (VII); pressure
injection 85 kPa*sec.
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effect o f pH on the enantiomeric separation o f NSAIDs using 3 mM P-CD-OMe (VII).
The general trend o f an initial decrease in migration time from pH 4 to 5, followed by
a increase in migration time from pH 5 to 7 was observed. The initial decrease in
migration tim e was attributed to the increased dissociation of the carboxylic acid
groups on the analytes as well as an increase in EOF (see Figure 3.7 inset). The pKa
value o f the NSAIDs range from 4-5 [64]. Similar trends were observed for Carp,
Indop, Sup, and Ibup (plots not shown). At higher pH, the ionic strength o f the buffer
increases resulting in a thinner double layer and lower zeta potential. Thus, a
corresponding decrease in EOF must occur.
Figure 3.8 shows the electropherogram of a mixture of three NSAIDs
(1,1’-Ketop, 2,2’-Fenop, and 3,3’-FIurp). The optimal experimental conditions were
determined to be pH 6 and a concentration o f 3 mM P-CD-OMe (VII) due to the
combination o f baseline resolution and sufficiently low migration times. The
individual enantiomers of Ketop, Fenop, and Flurp were not available.

Thus the

elution order o f the enantiomers was not confirmed. Nevertheless, the migration order
o f NSAIDs was: Ketop < Fenop < Flurp.
Table 3.2 shows the optimum condition for resolution o f each NSAID
racemate. A major advantage o f using P-CD-OMe (VII) was the baseline resolutions
(Rs) obtained for all racemates o f NSAIDs.

Nielen and co-workers [30] have

investigated the enantioseparation o f NSAIDs using various types of modified
(heptakis-2,6-di-0-methyl, heptakis-2,3,6-tri-0-methyl-, and 6A-methylamino-) p-CD
in CZE. The authors concluded that tri-O-methyl-P-CD was the best chiral selector
because it allowed the chiral resolution o f all the NSAIDs.

Furthermore, among
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various NSAIDs, (±)-Fenop provided the best possible R« o f 6.0 using 25 mM tri-Omethyl-P-CD. In this work, the best resolution factor (R« - 14) was observed for
Fenop (Figure 3.9), followed by Indop (R« = 11) [Figure 3.10], The R, o f Flurp (R» =
4.0) and Sup (R« = 2.0) was higher than those reported by Fanali et al. In contrast, the
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Figure 3.8.

E nantiom eric separation o f a standard m ixture o f six (±)
NSAID enantiom ers. Conditions: 3 mM P-CD-OMe (VII),
SO mM N aH 2P 0 4 adjusted to pH 6; applied voltage - 30 kV;
current - - 25 pA; pressure injection 85 kPa*sec; sample
concentration 0.1 mg/mL in methanol/water (1:1, v/v). Peaks:
(1,1*) = Ketop, (2,1') = Fenop, (3,30 = Flurp.

R« o f Ibup and Ketop (R, o f 1.0 and 1.5, respectively) obtained by P-CD-OMe (VII) is
lower than those reported by the same research group [31].

Nevertheless, the

resolution values obtained for Ibup and Ketop are quite good especially when
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considering the low concentration o f P-CD-OMe (VII) (3mM) used. Recently, Fillet
et al. [65] used a binary cyclodextrin system (e.g., a mixture o f 5 mM sulfobutyl ether
with P-CD 1 0 - 4 0 mM tri- or dimethyl-P-CD) to obtain high resolution values o f
NSAIDs (4.9 -30.6). Our results indicate the excellent chiral resolution ability o f PCD-OMe (VII) for the NSAIDs compared to any cationic P-CD thus so far reported in
the literature.
Table 3.2

Optimum conditions for the separation o f NSAIDs
using P-CD-OMe (VII).

Analyte

pH*

R.

Concentration (mM)

Fenop
14
7*
5
Flurp
4
7*
5
Ketop
1.5
6*
3
Carp
3
5
6*
Ibup
1
5*
3
Indop
11
5*
20
Sup
2
5*
2
* 50 mM NaH2P0 4 , injection size = 85 kPa*sec, separation voltage ♦ = -15
kV, (current ~ 22 pA) separation voltage * = -30 kV, (current - -32 pA).
ao
;
4
- 1.0

- 2.0

5

10

IS

20

25

Ttaw«Mh)

Figure 3.9.

Enantiomeric separation o f (±)-fenoprofen. Conditions: 5 mM pCD-OMe (VII); 50 mM NaH2P 0 4 adjusted to pH 7; applied voltage -30
kV; current - 32 pA; pressure injection 85 kPa*sec; sample
concentration
0.1
mg/mL
in
methanol/water
(1:1,
v/v)
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3.2.2 Separation o f herbicides (phenoxyalkanoic acids)
The PPAHs are the oldest group o f synthetic herbicides and are employed in
agriculture for the control o f weeds in cereal crops [66], Gas chromatography (GC) is
the choice method for the analysis and detection o f achiral PPAHs. However, the
disadvantage o f using GC for the separation and detection o f PPAHs is that: (1) they
cannot be directly determined by GC at residue levels and (2) they have to be
derivatized to be detected [66].
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Figure 3.10

Enantiom eric separation o f (±)>indoprofen. Conditions: 20 mM p.
CD-OMe (VII); SO mM NaH 2P0 4 adjusted to pH 5; applied voltage IS kV; current - 30 pA; pressure injection 8S kPa*sec; sample
concentration 0.1 mg/mL in methanol/water (1:1, v/v).
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Figure 3.11

Chemical structures o f phenoxypropionic acid
herbicides : PPA represents the propionic acid group.

The structures of the PPAHs studied are shown in Figure 3.11. These compounds are
composed o f mono-, di-, and tri-substituted chloro groups in either the ortho, meta, or

para positions of the phenyl group attached to the chiral propionic acid moiety.
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Though a series o f concentration and pH studies, it was determined th at 20
mM P-CD-OMe (VII) and pH 6 were the optimal conditions for achieving
enantiomeric separation o f a mixture o f all six herbicides in a single am (Fig. 3.12).
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Figure 3.12

Enantiomeric Separation of 12 (±)-PPAH enantiom ers.
Conditions: 20 mM P-CD-OMe (VII), 50 mM NaH2PO« adjusted to
pH 6; applied voltage - 15 kV; current -25 pA; pressure injection 85
kPa*sec; sample concentration 0.1 mg/mL in methanol/water (1:1,
v/v). Peaks: (1,1*) = 2-PPA, (2,2*) = 2,4-CPPA, (3,30 = 2(2,4DCPPA), (4,4*) = 2,2-CPPA, (5,5*) « 2,3-CPPA, (6,6*) = 2(2,4,5TCPPA).

The migration order o f PPAHs enantiomers in a mixture o f six herbicides was
verified by injecting each PPAH individually followed by a mixture o f two, three,
four, five and six PPAHs. The migration order o f monochloro-substituted PPAHs
corresponded with the position o f the chloro groups (meta, ortho, and para). It can be
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clearly observed that the enantiomeric separation o f the multi-chloro substituted
PPAHs was dependent on charge-to-mass ratio. The two most substituted herbicides
[2(2,4-DCPPA) and 2(2,4,5-TCPPA)] were best resolved. One o f the faster migrating
antipode o f 2(2,4,5-TCPPA) co-eluted with one slower antipode o f 2(2,4-DCPPA).
However, they were both baseline resolved when run seperately.

The baseline

enantiomeric separation o f all six pairs o f herbicides further strengthens the case for
the implementation o f polycationic CDs in CE. 3-CD-OMe (VII) offers a greater
separation window for PPAs due to the larger difference in electrophoretic mobilities
o f the uncomplexed 3-CD-OMe (VII) with the complex carrying a multiple positive
charge.
3.3 Conclusions
We have demonstrated that the cationic P-cycIodextrin, P-CD-OMe (VII), can
be used as a chiral selector for enantiomeric separation o f two classes o f compounds
with EKC. Enantiomeric separations were achieved at concentrations as low as 2
mM. In accordance with Wren and Rowe theory, resolution was strongly influenced
by concentration and pH. The P-CD-OMe (VII) provided enantiomeric resolution
over a wide range o f pH values and concentrations. In some cases, the number o f
NSAIDs in a mixture that could be enantiomerically resolved in a single run was
limited by pH, since each racemate of NSAID had different optimum separation
conditions. However, P-CD-OMe (VII) has shown excellent resolution o f Fenop and
Indop in comparison to any other derivatized cyclodextrin that we have found to date
in the literature [31].

In addition, P-CD-OMe (VII) provided a large window o f
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separation for the herbicides. Baseline resolution o f six racemates o f chiral PPAHs
was achieved simultaneously in less than 30 minutes in a single electrophoretic run.
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Chapter 4.
The Role o f Chiral Centers in Enantiomeric Separations:
Chiral Separations with Dipeptide Terminated Micelle Polymers
Amphiphilic molecules (also known as surfactants or detergents) consist o f
polar or ionic groups called the head and a long hydrocarbon chain called the tail. In
aqueous solution, the hydrophobic and hydrophilic properties o f amphiphiles are in
conflict [1]. One part o f the molecule (the head) is very compatible with the aqueous
environment The other part o f the molecule (the tail) is hydrophobic and therefore is
not compatible with an aqueous environment.

Thus, at low concentrations, the

surfactants are dispersed in solution [2]. However, at higher concentration (above the
CMC), the result o f this conflict is the segregation o f their hydrophobic portions from
the solvent by self-aggregation. These aggregated products are known as micelles.
When the hydrophobic portion o f the surfactant is a hydrocarbon chain, the micelles
will consist o f a hydrocarbon core, with the polar groups at the surface. The average
number o f surfactant molecules necessary to bring about the formation of a micelle is
defined as the aggregation number (N). Small micelles typically have N values in the
range o f 40 - 140 [3], Surfactants may be classified according to the type o f polar
head group. For example, anionic (R-XM^), cationic (R -N ^C H s^X ), zwitterionic
(R-(CH3)2N"CH2X ), or nonionic (R(OCH2)CH2))nOH))], where R is a long aliphatic
chain, M* is typically a metal ion; X is typically a halogen, carboxylate, sulfonate or
sulfate, and n is an integer [3].

A recent addition to the traditional surfactant

classification is the polyethylene oxide surfactants, CyEx.y being the number of carbon
in an n-alkyl chain and x the number o f ethylene oxide groups [4]. Table 4.1 gives a
list o f some surfactants along with their properties [5],
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Table 4.1

Critical Micelle Concentrations (CMC) and Aggregation
Numbers (AN) for various Surfactants [5].
CMC, mM

Surfactant

AN

Anionic
Cholic acid, sodium salt
Deocycholic acid, sodium salt
Glycocholic acid, sodium salt
Sodium dodecyl sulfate (SDS)
Taurocholic acid, sodium salt
Sodium perfluorononanoate
Sodium perfluorooctanoate

14
5
13
8.27
10-15
9.1
0.3

2-4
4-10
2
62
4
NA
NA

1
1.3
14
0.0026

78
50
169

Cationic
Cetyitrimethylammonium chloride
Cetyltrimethylammonium bromide
Dodecyltrimethylammonium bromide
Hexadecyltrimethyiammonium bromide

Zwitterionic
CHAPS1
CHAPSOb
N,N,-Dimethyl-N-(carboxymethyI) dodecyl
ammonium salt
N,N,-DimethyI-N-(carboxyethyl) hexadecyl
ammonium salt

8
8
2.4

10
II
NA

0.002

NA

Nonionic
n-Decyl-P-D-glucopyranoside
2.2
Triton X-100
140
0.24
400
0.009
Polyoxyethylene(6)dodecanol
40
Polyoxyehtylene(23)dodecanol
0.1
a3-[(3-cholamidopropyi)dimethylamnionio]-l-propanesulfonate.
b3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate.
NA, Not available
Equilibrium between repulsive forces (ionic) and short-range attractive forces
(hydrocarbon) determine miceliar structure. The size and shape of the micelle are
somewhat uncertain and they are still in many respects open to discussion (Figure
4.1). McBain, who was first to propose the presence o f molecular aggregates in soap
solutions, argued that lamellar and spherical forms coexisted in solution [6]. Hartley
addressed the issue o f micelle size and shape by proposing that micelles are spherical
with the charge groups situated at the micelle surface [7], Contrasting to Hartley’s
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model, Harkins et al. suggested a lamellar model similar to McBain [8-9], Later,
another model that was proposed by Debye and Anacker, argued that micelles are
rod-shaped rather than spherical or disklike [10], Lastly, Menger proposed a radically
different micellar model. Menger envisioned micelles having a rough surface with
water-filled pockets, chain looping, non-radial distribution o f chains, and contact o f
terminal methyl group with water [11]. Despite the different views o f micelles in
terms o f size and shape, neutron small-angle scattering experiments on sodium
dodecyl sulfate and other ionic micelles support the Hartley model o f a spherical
micelle [12-14].

(Harttoy)

(M c S a Jn )

(Mangar)

Figure 4.1

Different proposed structures o f the micelle.

Since a large fraction o f counterions remain associated with the micelle, the
net charge of the micelle is less than the degree o f micellar aggregation.
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These

counterions form the Stem layer at the micellar surface. A significant increase in
surfactant concentration, above the CMC, can lead to a pronounced difference in the
shape o f the ionic micelle (Figure 4.2). It is generally accepted that the shape o f the
ionic micelle changes in the order spherical —> cylindrical —> hexagonal —►lamellar.

cyfindrical

Figure 4.2

lamaflar

Changes in micelle shape and structure with respect
to change in surfactant concentration.

Thus, the chemical structure o f a given surfactant determines the size and
shape of its micelles. However, it is vital to understand that in solution, micelles exist
in dynamic equilibrium with the monomers from which they are formed. Therefore,
micelles are generally considered to be polydispersed species due to this dynamic
monomer/micelle equilibrium.
Although micelles have been found to have a wide range of success in MEKC,
they also face significant limitations.

One o f the main problems associated with

micelles in MEKC is the presence o f the dynamic equilibrium between the surfactant
monomers and the micelle, thus limiting the stability and operating concentration o f
the PSP. Extremely hydrophobic compounds such as PAHs are difficult to separate
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due to their co-migration with the micelle in MEKC.

Methods to alleviate this

difficulty involve increasing the concentration o f the surfactant and/or addition o f
organic modifiers (such as methanol or acetonitrile).

The addition o f organic

modifiers often disrupts micelle formation, which often leaves the option o f
increasing concentration o f surfactant as a solution. Increasing the concentration o f
the surfactant may lead to longer migration times and ultimately joule heating, which
is detrimental to separations in MEKC.
In addition, the on-line coupling of MEKC with mass spectrometric detection
is troublesome.

High concentrations o f surfactant monomers create a large

background signal in the low-molecular-mass region o f the mass spectrum. Lastly,
commercial surfactants have not been developed with chromatographic selectivity in
mind, and introducing unique or desired selectivity requires either the use o f additives
or the synthesis o f selective surfactants [IS]. Thus, these limitations have fueled the
need for development o f new PSPs.

In particular, in the field o f enantiomeric

separations, the search for new chiral surfactants is always o f growing interest. In
fact, it is now well known that enantiomeric drugs exhibit different physiological
activity in both degree and nature. In some cases, the different physiological activity
can have teratogenic effects, e.g. the case with thalidomide and methotrexate. As a
result, the Food and Drug Administration released new guidelines in the USA to
regulate chiral drugs.
One potential solution to the limitations faced by commercially available
micelles, is the introduction o f polymeric surfactants or micelle polymers. The idea
o f eliminating the dynamic equilibrium between the surfactant monomers and
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micelles, was introduced by Lapidot, Rappoport and Wolman [16], Larrabee and
Sprague [17], and Dagai and Elias [18], This new type o f micellar system was coined
as a polymerized surfactant aggregates, surfactant oligomers, molecular micelles and
micelle polymers [16-18]. Due to the debate over the name o f these systems, we
herein adopt the terminology o f “micelle polymers” throughout the rest o f this
chapter. Micelle polymers provide stable PSPs for CE separations due to their zero
critical micelle concentrations (CMC’s), tolerance to organic solvents, and virtual
formation of micelle at any concentration. Furthermore, they can be employed with
CE coupled to mass spectrometric detection without serious detrimental effects.
Electroicinetic capillary chromatography (EKC) where the micelles are
replaced by covalently polymeric surfactant solution provides a similar mechanism o f
separation to traditional micellar systems. Wang and Warner [19-20] were first to
demonstrate the utility o f a chiral micelle polymer for chiral separations using poly
(sodium iV-undecanoyl-L-valinate)(poly L-SUV) for the enantioseparation o f (±)l , l ’-bi-naphthol. Dobashi et al. [21] employed an almost identical approach for the
enantiomeric separation o f 3,5-dinitrobenzoyl amino-acid esters. The utility o f poly
L-SUV was further extended for chiral separations o f a variety o f acidic, basic, and
neutral compounds by Agnew-Heard et al. [22]. More recently, Shamsi et al. [23]
reported improved chiral separations using the polymerized dipeptide chiral micelle,
poly (sodium N- undecanoyl -L-valyl-valinate)[poly L -S U W ], over the single amino
acid terminated micelle polymer (poly L-SUV). It was suggested that by increasing
the number of sterogenic centers on the ionic head group o f the polymerized
surfactant, chiral recognition was enhanced.
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The role o f the chiral center in chiral separations has always been an issue o f
concern to separation scientist. In continuation with studies aimed at the design,
synthesis, and application o f many different kinds o f polymerized alkyl amino acid
surfactants, this chapter set forth to understand the role o f the number o f chiral
centers in enantiomeric separations using chiral micelle polymers. Data are presented
comparing the chiral recognition ability o f several dipeptide terminated (di- and
trichiral)

micelle

polymers

for

the

enantioseparation

of binaphthyl

and

benzodiazepine derivatives.
4.1 Experimental
4.1.1 Instrumentation
A Hewlett-Packard (Palo Alto, CA, USA) 3D-CE instrument was employed in
our EKC study. This CE instrument was equipped with high-voltage built-in power
supply (0-30 kV) and a Vectra personal computer (5/90) with HPCE Chemstation
software.

Separations were performed using uncoated fused-silica capillaries

(Polymicro Technologies, Phoenix, AZ, USA) o f 50 tun i.d. with total length o f 55
cm [46.5 cm to detector window (L<j)]. The capillary was thermostated by use o f a
Peltier element.
4.1.2 Materials
The racemates ( ± ) - l,l’-binaphthyl-2,2’-diyl hydrogen phosphate (BNP, 99%),
( ± ) -l,l’-bi-2-naphthol (BN, 99%), (±)-temazepam (TEM, 99%), (±)-oxazepam
(OXA, 99%), (±)-lorazepam (LOR, 99%) were purchased from Aldrich Chemical
Company (Milwaukee,

WI, USA).

All analytes were used as received.

Tris(hydroxymethyl)-aminomethane (TRIS) was purchased from Fisher Scientific
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Company (Fair Lawn, NJ, USA). Sodium borate (Na2B407) was purchased from EM
Science (Gibbstown, NJ, USA). A-hydroxysuccinimide and undecylenic acid were
bought from Sigma (S t Louis, MO, USA). The dipeptide alanine-leucine, valineleucine, serine-leucine, and threonine-leucine were obtained from BaChem (Torrance,
CA, USA). All dipeptides used in this study were in the L,L-form. and were used as
received.
4.1.3 Synthesis o f Micelle Polymers
All dipeptide surfactants in this study were synthesized by mixing the Nhydroxysuccinimide ester o f undecylenic acid with the dipeptide to form the
corresponding M- undecenoyl chiral surfactant using the procedure by Wang and
W arner [19] (Figure 4.3).

The acid forms o f the dipeptide surfactants were then

converted to their corresponding sodium salt by adding an equimolar solution of
sodium bicarbonate in the presence o f tetrahydrofuran. This was followed by solvent
evaporation and freeze-drying to obtain the desired surfactants. Polymerization was
achieved by 60Co y-irradiation (70 krad/h), o f 100 mM for all the above mentioned
surfactant solutions for about 120 hours (total dose, 3-4 Mrad).
Proton NMR spectroscopy was used to follow the polymerization process.
For complete polymerization, NMR spectroscopy indicated the disappearance of the
double bond proton signals at 5.8 and 5.0 ppm.

Polymerization also produced

broadening o f the remaining peaks. The polymers were found to be 99 % pure, as
calculated from elemental analysis.
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4.1.4 Preparation of EKC buffers and standard solutions
The background electrolyte (BGE) for all EKC experiments consisted either
o f TRIS or borate buffers.

Before the pH o f these buffers was adjusted, an

appropriate amount [% (w/v)] o f polymeric surfactant was added to the BGE. The
desired pH values were achieved by adding either HC1 or NaOH to the BGE
containing the polymeric surfactant. The final EKC running buffers were filtered
through a 0.45 pm nylon syringe filter (Nalgene, Rochester, NY, USA). This was
followed by ultrasonication for about five minutes to ensure degassed EKC running
buffers.
All stock standard solutions were prepared in 50 % (v/v) methanol/water at
concentrations o f about 1-2 mg/mL each. Appropriate dilutions o f stock solution
were obtained with a 50 % (v/v) methanol/water mixture. The sample was pressure
injected for S seconds at 10 mbar.
4.1.5 Selection of buffer pH for EKC Separations
Buffer pH is an important factor in EKC separations o f enantiomers using
ionic micelle polymers.

Changes in pH can affect the charge on the analyte and the

chiral PSP. In addition, the polymer conformation and the EOF may also vary with
changes in pH, thus influencing chiral resolution. In a systematic fashion to optimize
the pH for the separation o f binaphthyl derivatives and the anti-depressants, detailed
studies were conducted in which 5 mM poly L-SU (AL, VL, SL, TL) was added to
borate or TRIS buffer in the pH range of 6 - 10 (data not shown). Values o f pH
below 5.5 were not applicable because the surfactants tended to precipitate out o f
solution, probably due to a decrease in the ionization o f the carboxylate functionality
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o f the polymers. Based on our pH optimization study, the enantiomers of BNP and
BN were best enantioresolved at pH 10 (25°C). In contrast, the enantiomers o f anti
depressants were best resolved at pH 8.5 (1 1°C). Under these optimal pH conditions
for the resolution o f each o f these enantiomers, further optimization experiments were
conducted by varying the concentration and type o f polymeric chiral PSP and the
BGE concentration. The details of these optimization procedures are described in the
following sections. All enantiomeric separations were performed under optimized
EKC conditions (concentration o f micelle polymer, background electrolyte and pH).
4.1.6 Capillary Electrophoresis Procedures
All new capillaries were prepared by use o f a standard wash cycle o f 1 M
NaOH for I hour before use. A daily routine procedure also involved flushing the
capillary with 1 M NaOH (15 min), triply deionized water (2 min), and the running
EKC buffer (10 min). Between each run the capillary was rinsed with the EKC buffer
for two minutes.
4.1.7 CMC Determination
All surfactants were prepared in an aqueous solution for CMC measurements.
The CMC for the individual chiral monomeric surfactant was measured using a CSC
Sigma 703 Tensiometer (Fairfax, VA, USA) via the ring method. The change in
surface tension was plotted as a function o f concentration o f the respective surfactant.
Upon the point o f no appreciable change in surface tension, the CMC was estimated
by taking the point o f intersection of the two linear data regimes.
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4.1.8 Optical Rotation Measurements
The optical rotation data were obtained by measuring the optical rotation o f a
1 % (w/v) aqueous solution o f the individual chiral monomeric surfactants and
micelle polymers using a JASCO Digital Polarimeter (Easton, MD, USA).

The

specific rotation value was calculated using the following equation [24]

(4.1)
where: c = concentration % (w/v), / = cell length (dm), a = experimental optical
rotation, T = temperature, and X = wavelength (nm). All measurements were made
at room temperature (~25°C) at a wavelength o f 589 nm.
4.1.9 Analytical Ultracentrifugation
Molecular weight data were obtained using the Beckman Optima XL-A
Analytical Ultracentrifuge (Palo Alto, CA, USA). The Optima XL-A was equipped
with a high intensity xenon flash light source and a grating monochromator that
continuously scans from 190 to 800 nm. Ail measurements were performed at 230
nm. The flash lamp illuminated only a portion o f the sample portion during scanning.
A toroidal ly curved holographic diffraction grating was used to select the wavelength
and to collimate the beam of light

Four-sector cells were used and data were

acquired every 10 mm with ten replicates.

Data were digitized and displayed as

absorption as a function of radial distance.

For sedimentation equilibrium

measurements, sample volumes were 110 mL, while the solvent volumes were 125
mL. For sedimentation velocity measurements, the sample and solute volumes were
400 mL and 425 mL, respectively. Data were collected at 25°C and at speeds of
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30,000 revolutions per minute.

The temperature of the rotor was controlled

thermoelectrically to within ± 0.5°C. All samples had a polymer concentration of 0.1
g/L. The absorbance versus distance from the center o f rotation to any position in the
sample column was collected at 720-minute interval. Successive scans o f the cell
were compared graphically using the XL-A software to ensure that the samples
reached equilibrium.
4.1.10 Densitometer
A high precision Anton Paar densitometer (model DMA58) (League City, TX,
USA) was used to obtain density values o f the various micelle polymers used in this
study.

The densitometer was calibrated with air and water.

Precision of the

temperature-controlled system was better than ± 0.00S°C.
4.2

Results and Discussion

Four micelle polymers were synthesized for this study: poly (sodium-/Vundecanoyl-L-alanyl-leucinate) [poly L-SUAL], poly (sodium-A-undecanoyl -Lvalyl-leucinate) [poly L-SUVL], poly (sodium-A'-undecanoyl-L-serinyl-leucinate)
[poly L-SUSL], poly (sodium-A- undecanoyl-L-threonyl-leucinate) [poly L-SUTL].
Figure 4.4 depicts the structures o f these four dipeptide terminated micelle polymers.
Poly L-SUTL is unique due to the presence o f three chiral centers on the ionic head
group. The remaining three dipeptide terminated micelles (poly L-SUAL, poly LSUVL, and poly L-SUSL) have two chiral centers on the polar head groups. As
shown, the four micelle polymers differ from each other by the presence of side
chains in the N-terminal position of the dipeptide surfactants. For example, poly LSUSL has a primary hydroxyl group whereas poly L-SUTL has a secondary hydroxyl
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group on the side chain.

Similarly, the a-chiral carbon atom in poly L-SUAL is

attached to a methyl group, whereas in poly L-SUVL, the same a-chiral carbon is
attached to the isopropyl group. These m inor changes on the head group allow for the
assessment of the effect o f an extra heteroatom on chiral separations. Differences in
enantiomeric resolution can be attributed to differences in interaction provided by the
respective heteroatom changes amongst the micelle polymers studied.
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Chemical structures of dipeptide micelle polymers.

4.2.1 Physicochemical Properties of Monomeric and Polymeric Chiral Micelles
Chiral micelle polymers have been established as suitable PSPs for
enantiomeric separations. However, until this repoit little physical characterization
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has been reported.

Table 4.2 (A and B) provides a comparison o f the structural

features and physicochemical properties o f the various monomeric and chiral micelle
polymers studied.
Table 4.2

(A)

Physicochemical Properties of Monomeric Dipeptide
Terminated Surfactants.

Characteristics___________ L-SUAL
L-SUVL
L-SUSL_____ L-SUTL
398.5
Molecular weight
363.5
396.5
384.5
(g/mol)
3
number o f stereogenic
2
2
2
centers
~6
~6
critical micelle
~6
—7
concentration (m M )“
24.7°(±2.0)
specific rotation"
-58.7°(±1.6) -54.1°(±1.6) -35.7°(±1.5)
(B)

Physicochemical Properties o f Dipeptide Terminated Micelle Polymers

Characteristics

Polv L-SUAL

Molecular weight
10,056±1.8
(g/mol)
experimental
-2 8
aggregation number
specific rotation"
-49.4°(±2.7)

Polv L-SUVL
12,619±2.7

Polv L-SUSL Polv L-SUTL
10,056±3.9

11,494±4.2

- 32

- 26

-2 9

-36.6°(±1.3)

-36.1°(±1.8)

-27.8°(±1.9)

* Determined in water using surface tension measurements
b Determined in water A. = 589 nm; c = L

Using analytical ultracentrifugation (AUC), the experimental molecular
weights o f the various dipeptide terminated micelle polymers were determined. Poly
L-SUVL has the largest molecular weight (12,619 ± 275) followed by poly L-SUTL
(11,494 ± 427), poly L-SUSL (10,056 ± 393), and poly L-SUAL (10,056 ± 185).
These values correlate well with the molecular weight o f the chiral monomers. By
dividing the molecular weight of the polymer by the molecular weight o f the
corresponding monomer, the experimental aggregation number (N) was obtained.
The N values o f the various dipeptide terminated micelle polymers studied, ranged
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from 26 —32. As reflective o f the molecular weight, the N values o f the dipeptide
surfactant follows the order: poly L-SUVL > poly L-SUTL > poly L-SUSL > poly LSLJTL. These differences in N from one micelle polymer to the next, is probably
related to the differential radical termination rate for each polymer during
polymerization or bulkiness o f the dipeptide head group.
The CMC’s o f the various monomeric dipeptide terminated surfactants were
approximately the same. However, some differences in their specific rotations were
observed (Table 4.2).

For example, the specific rotation o f SUAL > SUSL, and

SUVL > SUTL. The specific rotation for the micelle polymers followed the same
trend as that of the monomers (unpolymerized micelle). However, the polymeric
dipeptide terminated micelle polymers o f SUAL and SUVL have smaller
experimental specific rotations than that o f the corresponding monomeric ones. We
attribute this to the rigidity o f micelle polymers over that o f monomeric micelles. It is
well known that the measure o f a chiral molecule to rotate plane polarized light is
statistically dependent on the net rotations as the light exits the sample [26],

A

system such as a micelle allows for less intermolecular interactions due to the
presence o f a dynamic equilibrium.

The resulting specific rotation values o f a

traditional micelle would be larger than that o f a micelle polymer. In the case o f
chiral micelle polymers, such as dipeptide terminated micelle polymers, stronger
intermolecular interactions take place due to the rigidity and covalent bond shared by
all the surfactant monomers at the tail. Thus, allowing increased interactions and
ultimately smaller specific rotations. In the case o f SUSL and SUTL, this trend does
not follow.
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4.2.2 Separation of Atropisomeric Compounds —(±)>BN and (±)-BNP
A molecule that does not have a tetrahedral stereocenter, yet is nonsuperimposable on its mirror image is called an atropisomeric compound and is
considered to be chiral; (±)-BN and (±)-BNP are two such (Figure 4.5) compounds.
Due to molecular rigidity and steric hindrance, these two atropisomers possess a

(-/+)-BN

Figure 4.5

(-/+)-BNP

Chemical structure o f (-/+)-BN and (-/+)-BNP.

chiral plane with restricted rotation around a central bond. The atropisomers have
found utility in many areas o f chemistry. For example, BN has been reported to be
useful as a chiral shift reagent [25] and for optical resolution of guest compounds
[26]. On the other hand, BNP is similar in structure to that of BN; however, the
phosphoric acid group in the former tends to make it more rigid. Sterically BNP is
hindered around the C 2 v axis and has found similar usage as a chiral shift reagent
[27]. Understanding the chiral separation mechanism o f (±)-BNP is important due to
it’s usage as a catalyst (function as a ligand for dissymetric catalyst) [28].
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Figure 4.6 shows the effect o f concentration o f the various dipeptide
terminated micelle polymers on the enantiomeric resolution o f (±)-BN. The optimum
concentration for resolution o f (±)-BN was achieved at 10 mM for all the micelle
polymers studied. As the equivalent monomer concentration (EMC) increased from
10 mM to 40 mM, the resolution for (±)-BN decreased for all the dipeptide terminated
micelle polymers studied.

■ AL C3VL BSL BTL

(0

cc

1

10

20

30

40

Equivalent Monomer Concentration (mM)

Figure 4.6

Resolution vs Concentration Study for (±)-BN. Conditions:
100 mM Tris/10 mM borate buffer adjusted to pH 10; applied
voltage 30 kV, - 1 0 - 3 0 nA depending on the concentration o f
micelle polymer, (±)-BN concentration 0.1 mg/mL in
methanol/water (1:1, v/v), pressure injection SO mbar*sec.

Under the optimized conditions, the retention factor for the enantiomeric
resolution o f (±)-BN was as follows: poly L-SUAL < poly L-SUVL < poly L-SUSL <
poly L-SUTL (Figure 4.7). Thus, poly L-SUVL, the most hydrophobic (steric bulk)
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surfactant among the four dipeptide terminated micelle polymers provided the best
enantiomeric resolution (R, = 2.0), while poly L-SUAL which is the least
hydrophobic surfactant provided the poorest enantiomeric resolution (R* = 0.9).
However, the presence o f the -O H group on the polar head o f poly L-SUSL and poly
L-SUTL provided an extra H-bonding site resulting in resolution values o f 1.8 and
1.9, respectively. It is interesting to note that poly L-SUSL provided much higher
enantiomeric resolution than poly L-SUAL. However, the same improvement in R«
o f (±)-BN was not observed when poly L-SUTL was compare to poly L-SUVL.

P o ly U S U A L

Poly L-SUVL

Poly L-SUSL

Poly L-SUTL

r T lM C C lO O tw r

Figure 4.7

Enantiomeric separation o f (±)-BN using various micelle polymers.
Conditions: 100 mM Tris/10 mM borate buffer adjusted to pH 10;
applied voltage 30 kV, ~ IS pA depending on the micelle polymer (10
m M at EMC), (±)-BN concentration 0.1 mg/mL in methanol/water
(1:1, v/v), pressure injection SO mbar*sec.

By varying the N-terminus amino acid and keeping the C-terminus amino acid
constant, improvements in chiral recognition can be attributed to the N-terminus or
the synergistic effect o f the two chiral centers in dipeptide micelle polymers. In order
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to explain the enantiomeric resolution o f (±)-BN, three factors were taken into
consideration: (1) steric bulk of the amino-acid, (2) chiral interactions (hydrogen
bonding and electrostatic interaction) and (3) total number of chiral centers
(synergistic effect o f the two chiral center). To evaluate the steric bulk o f the head
group, one assumption was made; as the amino acid varies from alanine to valine and
serine to threonine, the steric bulk of the polar head group of the micelle polymer
increased. In addition, we assumed that the polarity o f the micelle polymers (poly LSUAL/poly L-SUVL compared to poly L-SUSL/poly L-SUTL) have also changed.
Since poly L-SUVL provided the best resolution o f (±)-BN, we assumed that
the steric bulk and polarity o f valine was ideal. By comparing poly L-SUAL to poly
L-SUVL (EMC = 10 mM), it was clear that the side chain of alanine provided less
steric bulk than that o f valine. Thus, steric bulk o f the chiral center environment was
not the main factor in this separation. However, the hydrogen bonding sites seemed
to be more important for this separation and this is partially supported by the data for
poly L-SUSL. As stated previously, the resolution o f poly L-SUSL was R* = 1.9.
The side chain o f serine possess an extra heteroatom (-OH), which can provide an
extra hydrogen bonding site for enantiomeric separation o f (±)-BN. When evaluating
poly L-SUTL using similar conditions, the maximum resolution achieved is R* = 1.8,
which is not significantly different from that o f poly L-SUSL.
The effect o f type and concentration o f the dipeptide terminated micelle
polymer on the enantiomeric resolution o f (±)-BNP is illustrated in Figure 4.8. As
discussed earlier, (±)-BNP is sterically more rigid due to the “locked” C2y plane
provided by the phosphate group.
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Resolution vs C oncentration Study for (±)-BNP. Conditions:
100 mM Tris/10 mM borate buffer adjusted to pH 10; applied
voltage 30 kV, current ~ 10 — 40 pA depending on the
concentration o f micelle polymer, pressure injection 50
mbar*sec;
(±)-BNP
concentration
0.1
mg/mL
in
methanol/water (1:1, v/v).

The dipeptide polymerized surfactant, poly L-SUTL provided the best chiral
resolution amongst the four chiral micelle polymers. The optimum resolution (R* =
1.8) for (±)-BNP was achieved with 30 mM poly L-SUTL.

Hence, this polymer

demonstrated chiral separation throughout the entire concentration range studied.
The other dipeptide terminated micelle polymers displayed chiral resolution at higher
EMC’s or no resolution at all. In the case o f poly L-SUTL, the separation mechanism
was attributed to the synergistic effect o f the three chiral centers and the extra
heteroatom. This hypothesis was supported by the data obtained from poly L-SUSL.
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For example Poly L-SUSL at ~ 30 mM provided chiral R* o f approximately 1.1 for
(±)-BNP.

Both poly L-SUTL and poly L-SUSL possess an extra heteroatom.

However, poly L-SUTL possesses three chiral centers.

Since, the structural

difference between poly L-SUTL and poly L-SUSL is due to the presence of
secondary -O H group in the former and primary -O H in the latter, it appeared that
the separation was due to the extra chiral center on poly L-SUTL. Examining, the
chemical structure o f poly L-SUAL, shows that upon removal o f the heteroatom and
replacement with a -H atom, chiral recognition was reduced for (±)-BNP.
Furthermore, the addition o f the bulky isopropyl group in poly L-SUVL provided
absolutely no enantiomeric o f (±)-BNP resolution throughout the EMC range.
Since (±)-BNP is sterically “locked” around the C 2 V axis, it seems that the
polymeric surfactant, which has a chiral center that is less sterically hindered, would
provide the best environment for chiral interaction. Evaluating the specific rotation
data for the polymeric surfactants reveals that poly L-SUTL has the lowest degree of
specific rotation. In the enantiomeric resolution o f (±)-BNP, poly L-SUTL provided
enantiomeric resolution throughout the EMC range. It is not surprising that sterically
bulky dipeptide terminated micelle polymer such as poly L-SUVL provided no
enantiomeric interaction with (±)-BNP, when the specific rotation o f poly L-SUVL is
36.6°(±1.3) indicating high degree o f steric hindrance.
As observed from Figure 4.8, poly L-SUAL provides some enantiomeric
resolution for (±)-BNP at 20, 30 and 40 mM, whereas poly L-SUVL provides no
enantiomeric resolution throughout the EMC range studied. The implication that the
specific rotation value for a PSP and analyte can predict enantiomeric resolution is
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not the intention, rather the intention is to point out the minor observation in these
studies between the PSP specific rotation and the “rigidity” o f the analyte for
enantiomeric separation. Such an observation may be explained by empirical [29-31]
and semi-empirical [32-37] treatments, which have been developed for the prediction
o f the magnitude o f optical rotations from structural formulas. The oldest treatment
involves the concept that rotations o f compounds containing several chiral centers
might be calculated by adding rotation contributions for each o f these centers (van't
H o ff s empirical - Principle o f Optical Superposition), but is applied in very limited
contexts.

However, van’t H o ffs principle is likely to be invalid when the

stereocenters contribution to the molar rotation are close together (so-called “vicinal
action” limitation) [38]; when the stereocenters are separated by several saturated
atoms, the principle holds reasonably well [38]. Since chiral micelle polymers are
aggregates of surfactants, it is quite difficult to model such a system; however,
models are currently being developed.

Recently, Beratan et aL has published a

method that determines the atomic contributions to the optical rotation angle. The
approach o f Beratan and coworkers approach links chemical structure with optical
rotation angle and provides a quantitative measure o f molecular asymmetry
propagation for a plane o f chirality [39],
4.2.3 Enantioseparation o f Benzodiazepines (Anti-depressants)
(±)-Lorazepam (LOR), (±)-oxazepam (OXA), and (±)-temazepam (TEM) are
classified as Class VI drugs, otherwise known as benzodiazepines. These are among
the best known and most widely prescribed controlled substances in the world [40].
Clinically, benzodiazepines are used for their anxiolytic properties.
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The three

benzodiazepines ((±)-LOR, (±)-OXA, and (±)-TEM) possesses similar aromatic
skeleton and differ only in the number and type o f substituents attached to the
aromatic ring (Figure 4.9). The (±)-OXA and (±)-TEM differs at the N -l atom within
the benzodiazepine series. The N -l atom in (±)-OXA is not substituted and contains a
-H atom and (±)-TEM is substituted with a methyl group at the N -l atom. Similarly,
(±)-LOR contains one extra chloro group located in the ortho position of the lower
benzene ring.
H

|=N

(-/♦J-LOR

Figure 4.9

H

CH,

Ai!**

OH

(■/♦1-OXA

(-/♦l-TEM

Chemical structure o f the benzodiazepines.

Figure 4.10 shows a trend o f resolution (R,) for the enantiomeric separation of
(±)-TEM using the various concentrations o f the four polymeric surfactants. For the
separation of (±)-TEM, the optimum concentration for maximum resolution was
achieved at different EMCs for each dipeptide terminated micelle polymer.

The

optimum EMC for maximum resolution [Rs = 1.8 and 0.9 for poly L-SUAL and poly
L-SUVL, respectively] o f (±)-TEM, was 5 mM. However, poly L-SUSL displayed
similar resolution values [R* = 2.7, 1.9, 1.8] from 5 to 20 mM. In the case o f poly LSUTL, the optimum concentration for maximum resolution (R* = 3.9) was 30 mM.
The significantly higher enantiomeric R* obtained for (±)-TEM using poly L-SUTL,
indicates that two possible mechanisms dominate the enantiomeric separation for this
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pair o f enantiomers:

(1) presence o f an extra heteroatom, and (2) the synergistic

effect of three chiral centers. Both poly L-SUSL and poly L-SUTL contain an extra
heteroatom and provided enantiomeric resolution throughout the equivalent monomer
concentration range studied. Interestingly, the steric bulk o f the headgroup seems to
aid in the separation, for poly L-SUSL and poly L-SUTL. Furthermore, the utility of
the extra heteroatom effect is observed when comparing poly L-SUAL to poly LSUSL. As illustrated in Figure 4.10, the extra heteroatom in poly L-SUSL provides
(Rs >1.5) enantiomeric resolution throughout the EMC range studied, whereas, poly
L-SUAL only achieves baseline separation from 5 - 2 0 mM.
When examining the data for the enantiomeric resolution o f (±)-OXA (Figure
4.11) with the various dipeptide terminated micelle polymers, the synergistic effect of
two chiral center becomes questionable as the mechanism for separation.

The

dipeptide micelle polymer, poly L-SUAL and poly L-SUVL provided little chiral
recognition for (±)-OXA throughout the range o f EMCs studied. Optimum resolution
values (R* = 1.8 and 1.0) o f (±)-OXA, were achieved using EMC o f 5 mM poly LSUSL and 20 mM poly L-SUTL, respectively. However, further increase in EMC for
both of these micelle polymers decreased the enantiomeric resolution o f (±)-OXA.
Comparing poly L-SUAL/poly L-SUVL with poly L-SUSL/poly L-SUTL,
revealed that the —O H group at the (3-carbon o f the latter two dipeptide surfactants is
the essential factor driving the enantiomeric separation. Furthermore, replacing the H atom o f serine (poly L-SUSL) with a -CH? group (poly L-SUTL), we observed a
decrease in enantiomeric resolution o f (±)-OXA. This suggests that the methyl group
reduced the chiral recognition ability o f poly L-SUTL for (±)-OXA.
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Figure 4.11

Resolution vs C oncentration Study for (±)-OXA. Conditions: 100
mM Tris/10 mM borate buffer adjusted to pH 8.5, applied voltage 30
kV, - 1 0 - 4 0 pA depending on the concentration o f micelle polymer,
pressure injection 50 mbar*sec; (±)-OXA concentration 0.1 mg/mL in
methanoi/water (1:1, v/v).
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Lastly, Figure 4.12 illustrates the resolution profiles for the enantiomeric
resolution o f (±)-LOR using various concentrations o f the dipeptide terminated
micelle polymers. The data collected for the enantiomeric resolution o f (±)-LOR
were inconclusive in providing a mechanism for enantiomeric resolution. Generally,
poly L-SUSL and poly L-SUTL provided the best environments for separation o f (±)OXA and (±)-TEM. However, for (±)-LOR this not observed. For instance, at 5 mM
EMC, poly L-SUSL and poly L-SUAL provided maximum resolution o f R* = 1.5 and
1.3, respectively. This refuted the idea that the -O H group o f the 3-carbon o f serine
plays an important role in enantiomeric resolution. The synergistic effect o f the three
chiral centers provided by poly L-SUTL, was not observed with (±)-LOR- At best,
we suspect that the hydrogen bonding interaction with the -O H group attached to the
chiral center has been prevented due to two reasons: (1) The presence o f an extra
chlorine atom on the lower aromatic ring o f (±)-LOR and (2) steric bulkiness o f the
dipeptide such as poly L-SUTL and poly L-SUVL might have further deteriorated
this H-bonding interaction.

4.3 Conclusions
Three dipeptide terminated micelle polymers, (poly L-SUAL, poly L-SUVL,
and poly L-SUSL), which contained two chiral centers, were compared to poly LSUTL, which contains three chiral centers for the enantiomeric separation of
binaphthyl derivatives [{(±)-BN and (±)-BNP}] and benzodiazepines [{(±)-LOR, (±)OXA, and (±)-TEM}]_ There were four analytes [(±)-TEM, (±)-OXA, (±)-BN, and
(±)-BNP] in which the synergistic effect o f three chiral centers provided improved
resolution over that of two chiral centered dipeptide micelle polymers. The chiral
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Figure 4.12

Resolution vs Concentration Study for (±)-LOR. Conditions: 100
mM Tris/10 xnM borate buffer adjusted to pH 8.5; applied voltage 30
kV, ~ 1 0 - 4 0 |iA depending on the concentration o f micelle polymer,
(±)-LOR concentration 0.1 mg/mL in methanol/water (1:1, v/v),
pressure injection 50 mbar*sec

recognition mechanisms in these cases were predominately controlled by the presence
o f the extra heteroatom on the polar head group. Enantiomeric resolution o f (±)-BN
was very similar for poly L-SUVL, poly L-SUTL and poly L-SUSL. Alternatively,
poly L-SUAL showed significantly lower enantiomeric R* for these enantiomers.
Thus, the chiral recognition mechanism for (±)-BN was driven by hydrogen bonding
and hydrophobic interactions.

For (±)-TEM and (±)-OXA, the prevailing chiral

recognition mechanism was attributed to the presence of the extra heteroatom on the
polar head group.

In both cases, an increase in steric bulk o f the head group

attributed to higher enantiomeric resolution factors. However, (±)-LOR enantiomeric
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separation was hindered due to the steric bulkiness o f the polar head group and the
presence o f the extra chlorine atom on the lower aromatic ring, which help deteriorate
the H-bonding interaction from the PSP.
While this study is only a small step toward understanding chiral separations
with chiral micelle polymers, many other studies are needed to completely answer
these questions. For instance, a study in which an attempt was made to evaluate
whether the separation o f chiral centers and steric factors is plausible. How does
polymerization

concentration

enantioselectivity in EKC)?

affect

micelle

polymer

formation

(and

Do other multi-chiral micelle polymers demonstrate

similar mechanisms for enantiomeric separations such as the ones studied here?
Lastly, an important question needs to be answered, i.e., are we observing increased
enantiomeric resolution via increasing chiral density o f the polymeric surfactant, and
if so when will this improvement plateau?
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Medical

Chapter 5.
Future Studies
Several novel pseudo-stationary phases (PSPs) have been developed and
evaluated for their use in electrokinetic chromatography (EKC). The PSPs developed
ranged from traditional (modified cyclodextrin), to exotic (dendrimers), and radically
different (dipeptide terminated polymeric surfactants).

Applications for separation

ranged from neutral aromatic molecules to chiral drugs. Generally, in the field o f
PSP development, a basic tenant of research is constant improvement in
chromatographic parameters (resolution, selectivity, and efficiency).

The work

discussed within this dissertation fall under the scrutiny of this PSP tenant.
Consequently, the future studies are foreseen in two basic areas: (1) improvement in
chromatographic parameters, and (2) areas for applications o f the PSPs developed.
In the Part I o f Chapter 2, a diaminobutane-based dendrimer (DABD) was
employed for separations o f aromatic compounds. The results of the experiments
performed with DABD indicated that DABD was useful in separating a variety of
large and bulky aromatic compounds. However, the selectivity of DABD was poor
for smaller benzyl molecules.

In addition, the presence o f an organic modifier

(methanol) deteriorated the chromatographic selectivity.

Improvements in the

selectivity o f DABD should be possible by incorporating more hydrophobic linkers
(for example - diaminooctane) during the synthesis. Thus, simple modification in the
hydrophobicity o f DABD, i.e., longer linkers would produce a dendrimer that would
mimic micelles. Modifications like these could possibly lead to improved selectivity
in EKC even in the presence o f organic modifiers.

Another route to improve
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selectivity of DABD would involve using a surface modified (coated capillaries)
capillary for EKC separations. Hartwick and co-workers have reported a procedure
for the development o f capillaries with pH-independent EOF’s [1].
An area in which dendrimers have lacked research is in the field o f Mass
Spectrometry (MS).

Generally, Nuclear Magnetic Resonance (NMR) and Fourier

Transform Infrared Spectroscopy (FT-IR) are employed for characterization o f
dendrimers. However, these techniques fail to provide any useful data on molecular
weight o f dendrimers.

To study dendrimers with MS, specialized ionization

techniques such as MALDI and FAB should be used to distinguish perfect dendrimers
from imperfect ones. Currently, there are relatively few protocols available for this
purpose.
Modifications o f dendrimers with chiral moieties are discussed in the Part II
o f Chapter 2. Chiral dendrimer as chiral PSP selectors are still in the development
stage, thus future studies would have to focus heavily on understanding the nature of
their interactions with chiral compounds. NM R could be used as an investigative tool
to probe these interactions, which would provide useful information for modification
o f these chiral selectors. Furthermore, Micellanoic™ Acid dendrimers [2] (Figure
5.1) would probably perform better as a PSP due to the micellar topology. Also, as
noted in Chapter 2, Part II, 12-AA, 36-AA, and 12-AI-G1 exhibited unique
absorbance properties.

Spectroscopic techniques such as optical activity and

fluorescence could be used as tools to further probe the interesting and unusual
spectral behavior o f these chiral molecules.
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Figure 5.1

Micellanoic™ Acid dendrimer

The discovery o f enhanced enantioselectivity with (5-CD-OMe (VH) as
discussed in Chapter 3, opens up new opportunities in the screening o f other
positively charged cyciodextrins.

Screening could involve applying the same

chemical ideology to a - and y-CD as a future research program. This approach would
further extend the use o f cationic cyciodextrins to a variety o f analytes o f different
shapes and sizes. Another approach to enhance the enantioselectivity o f 3-CD-OMe
(VII) would be to modify the cationic moiety. O’Keefe et al. has investigated the
utility o f a sim ilar cationic p-cyclodextrin, 3-CD-OH (VII) (Figure 5.2), which also
demonstrated significant promise for chiral separation [3].
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Figure 5.2

Chemical structure o f 0-CD-OH (VII) [3].

It is the author’s opinion that the direction o f EKC is headed toward tandem
applications such as EKC-MS. On-line EKC-MS has been recognized as a powerful
method since it has the capability for separating and identifying components in
complex unknown mixtures. However, there are only a few reports on the successful
on-line EKC-MS analysis o f analytes using surfactants [4 -10] and micelle polymers
[11] as PSPs.

The main problem associated with the use o f surfactants for on-line

EKC-MS systems is that accumulation o f surfactants, which can cause fouling o f the
ion source, and suppression o f analyte signals in ESI-MS [11-12]. The use o f a high
concentration of nonvolatile surfactants such as SDS leads to strong background
signals in both positive and negative ion modes. Therefore, at SDS concentrations
required for micellar-mediated CE separations, SDS-analyte adducts formation
suppresses the ionization efficiency o f the source resulting in poor S/N ratios for the
analytes [12], For these reasons, several approaches such as use o f high molecular
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mass micelle polymers [13-14], introduction o f electrospray chemical ionization
interface [15-16], partial filling MEKC [17-18], and anodically migrating micelles
[19] have been reported in the literature. These techniques are quite difficult and
require specialized instrumentation and procedures. The cationic cyclodextrin, (3-CDOMe (VTI) would probably serve as an excellent PSP for EKC-MS.

The

combination o f excellent enantioselectivity and anodic migration behavior o f 0-CDOMe (VTI) displayed in CE, would be advantageous to EKC-MS.
In Chapter 4, dipeptide terminated micelle polymers were designed to
investigate the role o f the heteroatom at the head group (chiral centers). Binaphthyi
derivatives and benzodiazepines were used as analytes to study this phenomenon.
The synergistic effect o f three chiral centers (Poly L-SUTL) provided improved
resolution over that o f two chiral centered dipeptide terminated micelle polymer in
the case o f (±)-temazepam, (±)-oxazepam, (±)-binaphthol, and (±)-binaphthoi
phosphate. Future studies with peptide terminated micelle polymers should focus on
implementing modified amino-acids as terminal groups for the micelle polymers.
Figure 5.3 illustrates two potential tryosine derivatives that could be used for this
purpose.
The incorporation o f organometallic complexes with micelle polymers could
possibly have applications in electrochemistry. Organometallic terminated micelle
polymers such as the one illustrated in Figure 5.4 could be viewed as molecular wires
polymers such as the one illustrated in Figure 5.4 could be viewed as molecular wires
and used to study electron transfer.
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Figure 5.3 Chem ical structures of tyrosine (A ) and tyrosine derivatives (B & C).

COOH

Figure 5.4

Chem ical structure o f Ferrocene
polym er.

terminated
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Appendix
Appendix 1: Synthetic schem e for first generation poly-amide dendrimer

2) HCOjH

1SC NMR 6 28.1 (CH,)t 28 .7 (CHjCH,COO), 3 7 4 (CHjCONH), 48.4 (4* Ceara), 87.3 (4° CNN).
67.7 (CHzO). 68.8 (OCHj). 80A
170.7 (CONH), 172.6 (COj)

Appendix 2: Synthetic schem e for second generation poly-amide dendrimer

ON

13C NMR 6 28.1 (CHs). 20.7 (O ^ C H ^ ). 3 7 4 (OCMjCMsCO), 48 4 (4° C ^ .), 67.3 (4° CNH),
67.7 (CHjO). 680 (OCH^), 8 0 4 (CM^), 170.7 (OONH). 1720 (COJ
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Appendix 3: Synthetic scheme for am ino-indanol terminated generation one
poly-am ide dendrimer

§ L

k

HO
HO.

>
O

HftoX

r '

:

P
N

o

2

r

^

° A

k

5

~

^C T o

co m m o n
OH

<^o8H

ia C NM R S 2 0.1 (C H j), 2 » .7 (C H jC H jC O ), 1 7 4 (O C H jC H zC O ). 4 0 4 (4 *
*7 .7 (C H 2O ), M X (O C H jfc N 4 (C M *,), 1 7 0 .7 (C O N H ). 1 7 2 4 (C O 2)

«7 J (4 ° CNN ),

Appendix 4: Synthetic scheme for isoleucine term inated generation one poly
am ide dendrimer

.OH
OH
,OH

O
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MjH—CHC—O+ROC
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OH
OH
’OH
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llEDAOBsN
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2) HCOjH
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Appendix 5
Abbreviations
Chromatographic Terminology
CD
CE
CMC
CZE
DECC
EKC
EMC
HPLC
1HP
MEKC
MLC
OHP
PSP

cyclodextrin
capillary electrophoresis
critical micelle concentration
capillary zone electrophoresis
dendrimer electrokinetic chromatography
electokinetic chromatography
equivalent monomer concentration
high-performance liquid chromatography
inner Helmholtz plane
micelle electro kinetic chromatography
micellar liquid chromatography
outer Helmholtz plane
pseudo-stationary phase
Instrum ental Terminology/Miscellaneous

AUC
DOSY
FAB-MS
FDA
NMR
PFG-NMR
TLC
UV-Vis

analytical ultracentrifugation
diffusion ordered 2D-NMR spectroscopy
fast-atom bombardment mass spectrometry
Food and Drug Administation
nuclear magnetic resonance
pulsed field gradient nuclear magnetic resonance
thin-layer chromatography
ultraviolet-visible spectroscopy
Pseudo-Stationary Phases

12-A
12-AI-G1
dendrimer
12-ELE-G1
36-A
36-AI-G2
dendrimer
DABD
poly L-SUAL
poly L-SUSL
poly L-SUTL
poly L-SUVL
SDS

generation one poly-amide dendrimer
generation one amino indanol terminated poly-amide
generation one isoleucine terminated poly-amide dendrimer
generation two poly-amide dendrimer
generation two amino indanol terminated poly-amide
diaminobutane dendrimer
poly(sodium-N-undecanoyl-L-alanyl-leucinate)
poly(sodium-N-undecanoyl-L-seryl-leucinate)
poly(sodium-N-undecanoyl-L-theonyl-leucinate)
poly(sodium-N-undecanoyl-L-valyl-leucinate)
sodium dodecyi sulfate
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P-CD-OMe (VII)

P-cyclodextrin m ethoxyamine (VH)
Analytes

2(2,4,5-TCPPA)
2(2,4-DCPPA)
2.2-CPPA
2.3-CPPA
2.4-CPPA
2-PP A
ANA
BA
BAL
BGE
BN
BNAL
BNL
Carp
Fenop
FLU
Flurp
HC1
Ibup
Indop
Ketop
LOR
NA
NAA
NAL
NAM
NB
NSAIDs
OXA
PAH
PNL
PPAHs
PTN
TEM

(±)-2-(2,4,5-trichlorophenoxy)propionic acid
(±)-2-(2,4-dichlorophenoxy)propionic acid
(±)-2-(2-chlorophenoxy)propionic acid
(±)-2-(3-chlorophenoxy)propionic acid
(±)-2-(4-chIorophenoxy)propionic acid
(±)-2-(2-phenoxy)propionic acid
acenaphthalene
benzyl amine
benzyl alcohol
background electrolyte
(±)-1,1 ’-bi-2-naphthol
6-bromo-2-naphthol
binaphthol
carprofen
fenoprofen
fluorene
flurbiprofen
hydrochloric acid
ibuprofen
indoprofen
ketoprofen
(±)-lorazepam
naphthalene
nitronaphthalene
naphthol
2-naphthalene methanol
nitrobenzene
non-steroidal anti-inflammatory drugs
(±)-oxazepam
polycyclic aromatic hydrocarbon
phenol
phenoxypropionic acid herbicides
phenanthrene
(±)-temazepam
Chem ical Reagents

1-HBT
AI
CDI
DCC
DIPEA

1-hydroxybenzotraizole
2-amino indanol
carbonyl diimidazole
dicyclocarbodimide
diisopropyl ethyl amine
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Et3N
MeCN
NaOH
THF
TRIS
EDAC

triethylamine
acetonitrile
sodium hydroxide
tetrahydrofuran
tris(hydroxymethyl)aminomethane
l-ethyl-3-(3-dimethylaminopropyl)carbodiimide

SYMBOLS

%
VEOF
VEP
VOBS
HEOF
Hep
Ho bs

hCD+
ha t„m

Un
i
Fe
E
V
L
0
Ff
n
a
r

k’

Htnc
Haq
tR

K
Fmc
v*
V
C,f
M
Wj/2
CL

Rs
Hcol
Hl
//me

zeta potential
velocity o f the electroosmotic flow
electrophoretic velocity
observed electrophoretic velocity
electroosmotic mobility
electrophoretic velocity
observed electrophoretic mobility
mobility o f P-CD-OMe (VTI)
mobility o f analyte
migration time o f a neutral marker
migration time of the solute
effective capillary length
electrostatic forces
electrical field
voltage
length o f capillary
charge o f the particular ion
frictional force
solution viscosity
radius o f spherical molecule
radius
Capacity factor
total number of solute molecules incorporated into micelle
total number of molecules dissolved in aqueous phase
retention time
distribution coefficient
volume o f micelle
volume o f aqueous phase
pqptial specific volume
concentration of surfactant
theoretical plate
width at half height
selectivity/separation factor
resolution factor
column plate height
column plate height generated by longitudinal diffusion
column plate height generated by sorption-desorption kinetics
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Haq
Ht
Hep
Rh
Kb
T
rg
Vpsp
D
Dmc
Daq

s
me
0
r0
B
I
To
W
r

column plate height generated by intermicelle mass transfer in
aq.
column plate height generated by radial temperature gradient
effect one electrophoretic velocity
column plate height generation by electrophoretic dispersion
Stokes-Einstein equation
Boltzmann constant
absolute temperature
radius o f gyration
partial specific molar volume
Variance
overall molecular diffusion coefficient
diffusion coefficient o f the micelle
diffusion coefficient in the aqueous phase
velocity o f the solute zone
velocity o f the micelle
rate constant
electrical conductivity
radius o f column
Hjerten constant
current
Thermal conductivity
temperature o f the solute
electophoretic velocity at the wall
electrophoretic velocity distance from the axis of the tube
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